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NOMENCLATURE 
B - Length along the short semi-axis 
d - Fractal dimension 
de - Equatorial diameter 
d„ - Number-average diameter 
dH/dt - Heat flow or incremental change in enthalpy with time 
E ' - Storage modulus 
E" — Loss modulus 
g - gravitational constant 
G 'C or G M - Storage shear modulus of the continuous or matrix phase 
G'dOxG'i - Storage shear modulus of the dispersed or inclusion phase 
G"CORG' M - Loss shear modulus of the continuous or matrix phase 
G ' d O x G ' i  -  L o s s  s h e a r  m o d u l u s  o f  t h e  d i s p e r s e d  o r  i n c l u s i o n  p h a s e  
G* - Complex modulus 
I/H - Shape factor for pendant drop analysis 
/- Scattering intensity 
k - Viscosity ratio (Chapters 2 and 4) or Avrami propagation rate constant (Chapter 3) 
L - Length along the long semi-axis 
M, - Minimum or steady-state torque of component / 
Mi - Number average molecular weight 
M,- - Average molecular weight 
n - Power law index (Chapter 2) or Avrami index (Chapter 3) 
tit - Number of droplets 
Qx - Scattering vector perpendicular to the flow direction 
Oy - Scattering vector parallel to the flow direction 
rj - Radius of droplet 
t - Time 
ti/2 - Half time of crystallization 
tc — Time of crystallization 
T - Temperature 
TC - Crystallization temperature 
TG - Glass-transition temperature 
7*„, — Melting temperature 
TM° - Equilibrium melting temperature 
XC - Percent crystallinity 
XMC - Percent crystallinity (mass fraction) 
XVC — Percent crystallinity (volume fraction) 
AH or AHf — Enthalpy of fusion 
AH/° - Enthalpy of fusion for 100% crystalline material 
AHnorm - Normalized enthalpy of fusion 
Ap — density difference 
[TJJ — Intrinsic viscosity parameter 
TJ — Steady shear viscosity 
t]0 — Zero shear viscosity 
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77* - Steady shear viscosity 
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<Oi- Phase inversion volume fraction 
(pm- Maximum packing volume fraction of component 
P - Interlayer slip parameter 
y - Complex strain (Chapter 2). lamellar thickness (Chapter 3). or surface tension (Chapter 
5) 
yf - Dispersive component of the surface tension of component i 
yt - Polar component of the surface tension of component i 
y - Shear rate (velocity gradient) 
y 12- Interfacial tension between component I and 2 
PI - Density of component / 
pa - Amorphous density 
pc - Crystalline density 
cr- Shear stress 
CÛ - Frequency 
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Abstract 
Due to the consequence of expensive development costs that arise with 
manufacturing and synthesizing new polymers, interest in polymer blends has gained 
considerable attention in recent years. It is well known that the production of miscible and 
immiscible blends of polymers can lead to composite materials with special chemical, 
thermal, mechanical, and rheological properties. The morphology of immiscible polymer 
blends arises during mixing and is affected by the processing conditions, particular 
interactions, and the interfacial tension and viscosity ratio between the components. The 
significance of the interfacial energy between the blend components and its inherent effect on 
the rheology is of extreme importance to others and our research. Understanding the effect 
that the blending conditions and compositions of the phases have on the overall morphology 
can allow manipulation of this morphology that can lead to uniquely tailored materials. 
Recent developments of low-7^ inorganic phosphate glasses (Pglass) have led to 
interest in inorganic-organic hybrids that can be processed via conventional thermoplastic 
blending and injection molding at low temperatures (below 350°C). This dissertation 
discusses the continued research of Otaigbe and coworkers by using a special low-r if(~ 
120°C). tin-based phosphate glass (Pglass) blended with thermoplastics such as polystyrene 
(PS), low-density polyethylene (LDPE), and polypropylene (PP). The present research 
demonstrates a facile method for producing unique inorganic-organic hybrids under low 
temperatures with tailored properties. This is made possible by the relative ease of 
deformation and elongation of the low-7^ Pglass phase within the polymer melt matrix. We 
analyzed the rheology, morphology, and ultimately the processing conditions on the Pglass-
ix 
polymer hybrids. Additionally, the crystallization behavior was observed for the 
semicrystalline LDPE and PP matrices with varying amounts of Pglass. Experiments on the 
phase behavior and continuity followed by the interfacial properties of these systems were 
performed. Finally, the applicability of the Pglass-polymer hybrids to established polymer 
emulsion models was investigated in order to attempt to justify the polymeric behavior of 
these inorganic phosphate glass hybrids. 
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CHAPTER 1. GENERAL INTRODUCTION 
Thesis organization 
This thesis includes four chapters. Chapter 1 is a summary of the literature review of 
the constituent materials and production methods of ultra low-Tg phosphate glass (Pglass)-
polymer hybrids, the information regarding their applications and processing, and. finally, 
the purpose of the research. Chapter 2 is a manuscript submitted for publication that 
discusses the rheological and morphological properties of ternary systems consisting of the 
Pglass phase dispersed within blends of low-density-polyethylene (LDPE) and polystyrene 
(PS) matrices. Chapter 3 is a paper that describes the effects of the phosphate glass on the 
crystallization kinetics and tensile properties of LDPE and polypropylene (PP). Chapter 4 
discusses the phase behavior of the Pglass-polymer hybrids investigated through rheometry. 
polymer continuity analysis, dynamic mechanical analysis, scanning electron microscopy, 
and small-angle neutron scattering. Chapter 5 describes the results of experimental and 
theoretical studies reported in a manuscript to be published regarding the interfacial tension 
calculations and emulsion model applicability of the Pglass-polymer hybrids. Finally. 
Chapter 6 is the general conclusion of this thesis and is a summary of the key results of this 
thesis. 
Introduction 
Because of expensive development costs that arise with manufacturing and 
synthesizing new polymers, interest in polymer blends has gained considerable attention in 
recent years. It is well known that the production of miscible and immiscible binary (1-6) or 
ternary blends (7-11) of polymers can lead to composite materials with special 
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chemical, thermal, mechanical, and rheological properties. These materials normally 
have more favorable properties than that of their pure constituents. These properties include 
reduced viscosities; improved moduli and tensile strengths (12-14) induced by processing 
(15,16), and enhanced crystallinity (17,18). Typical polymer blends are comprised of two or 
more dissimilar materials (e.g. PS/PE and PC/PMMA) such that the resultant blend will have 
combined properties of each constituent (14,19). For instance, the blending of a 
semicrystalline polymer (ductile) with an amorphous polymer (brittle) will give rise to a 
material with both elastic and rigid characteristics, depending on the proportions of the 
components. 
Blends of miscible polymers [e.g. poly (ether ether ketone) (PEEK) and poly (ether 
imide) (PEI)] (18,20) show enhanced mechanical and thermal properties (i.e. shifted glass 
transition temperatures) for manufacturing considerations with respect to their constituents. 
The miscibility between the components promotes better adhesion, whereas immiscible 
blends phase separate, and typically have poor adhesion between the blend components. 
Other common polymer blends consisting liquid crystalline polymers (LCP). have been 
known to induce enhanced mechanical and rheological behavior at low concentrations within 
conventional and high-performance thermoplastic matrices (21-23). These LCP additives 
provide structural reinforcement and slip boundary layers within the continuous matrix. The 
LCPs' unique chemical structures allow preferential orientation due to deformation, 
producing fibrillar inclusions in some processing flows (23). 
The effects of the dispersed phase upon the crystallization behavior of a semi-
crystalline polymer can result in drastic changes in the mechanical properties of the blend 
systems. A number of authors have reported studies on effects of an amorphous inclusion 
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phase on the crystallization and mechanical behavior of blends of semicrystalline polymers. 
In particular, many authors have investigated the effect of atactic polystyrene (PS) on 
semicrystalline polyethylene within immiscible blends (19.24-26). Their research concluded 
that the crystallinity of the semicrystalline matrix was typically decreased by the amorphous 
PS inclusions, resulting in polyethylene (PE) crystallite growth inhibition. Bartczak et. al. 
(19) reported that the crystallinity of PS/PE blend decreased by approximately 33% up to a 
weight fraction of 80% PS. The main reason for this decrease was attributed to hindered 
mobility of the PE polymer chains, which in turn, reduces the ability of the chains to fold and 
form ordered lamellae. 
The proportions of the components greatly affect the overall properties of the 
resultant blends. For instance, the melt viscosity of a blend is very dependent upon the 
concentration of the dispersed phase within the continuous matrix. Various blends behave 
differently in terms of their viscosity-concentration dependence. Additivity rules and positive 
or negative deviations from additivity are used to interpret this dependence. These deviations 
arise from the presence of interfaces and chemical interactions that appear at high 
concentrations of the dispersed phase. Utracki (2) explains that under a certain concentration, 
a morphological change called a phase inversion will occur, allowing the dispersed phase to 
become continuous. At this phase inversion a co-continuous morphology is apparent and 
depends upon the viscosity ratio and specific volume (26) of the constituents. Key factors 
that affect the final properties of immiscible polymer blends, hybrids and multiphase systems 
are the phase inversion and continuity, because of their inherent control over the overall 
morphology (27.28). The morphology of immiscible polymer blends arises during mixing 
and is affected by the processing conditions, physicochemical interactions, and the interfacial 
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tension and viscosity ratio between the components (29). Understanding the effect of the 
blending conditions and compositions of the phases on the overall morphology can allow 
manipulation of this morphology that can lead to uniquely tailored materials. 
Incompatible or immiscible blends give rise to unique composite properties that are 
remarkably different from those of the blend components. The morphology of the dispersed 
and continuous phases determines the strength and viscosity of a composite material (to an 
extent that depends on the degree of adhesion between the phases), the concentration, flow 
history and orientation, shape and size of the droplets (14,30.31). and viscosity and 
interfacial behavior of both phases (21.23,32,33). Ternary systems especially evince special 
phase morphologies, depending on the blend components (subphase, minor phase and 
continuous phase), their interfacial behavior, which determines the particular dispersion of 
the multiple phases based on a "spreading coefficient", and the concentration of these 
components within the blend (11.33-35). Reignier and Favis (34) reported the "composite 
drop morphology" of a ternary system consisting of polystyrene (PS) and poly( methyl 
methacrylate) (PMMA) within an high-density polyethylene (HOPE) matrix and how it 
changed with the composition ratio of PS/PMMA. The observation of encapsulation of the 
PS dispersed phase around the PMMA "subinclusions" was noted in their article. Similarly. 
Hobbs et. al. (33) reported "spreading" of the subinclusion PMMA phase within a 
polycarbonate (PC) minor phase for their poly(butylene terephthalate) (PBT). PC and PMMA 
blends, based on differences between interfacial tensions of each component relative to those 
of binary blends of each. The significance of the interfacial energy between the blend 
components and its inherent effect on the rheology is of extreme importance to our research 
and to multiphase materials research in general. 
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The rheology of blends reveals useful information regarding the changes in fluidity, 
morphology, viscoselasticity, molecular orientation, thermal and melt stability. Through an 
understanding of these concepts and how the properties of the blends are affected by 
particular thermal, temporal, and shear conditions, one can manufacture materials with 
desired properties suitable for industrial applications. The viscosity dependence upon shear 
rate has been shown to be a direct indication of the processibility of a material. Methods of 
optical shearing analysis and small angle light scattering techniques (36-38) can provide 
insights into the evolution of the microstructure due to the applied processing conditions. In 
addition to real-time, in situ analysis, phase behavior information can be extracted, 
elucidating spinodal decomposition and phase demixing, which are direct importance to 
polymer processing engineers. 
Other ternary systems are distinguished as compatibilized polymer systems 
comprising emulsifying agent or copolymer, in the case of polymer blends. The copolymer 
contains polymer end units that are miscible with both polymer components, and influences 
the interfacial properties of the immiscible components (14.31.39.40). Compatibilization of 
immiscible polymer blends (41-44) is a solution to problems that typically arise with 
immiscible systems, such as. poor adhesion and interaction between the phases, large, 
polydispersed inclusions and. ultimately, poor mechanical properties. Moan et. al. (39) 
studied the morphological and rheological effects of a random terpolvmer on a polyamide 
(PA) dispersed system within a PE matrix. Their blends revealed unusual steady shear 
viscosity behavior, TJ( Y ). suggesting multiple relaxation times associated with the blend. 
Essentially, Moan et. al. reported viscosity versus shear rate curves with two plateau regions, 
at low and moderate shear rates, connected by shear-thinning regions. This "four-region" 
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behavior is similar to the "three-region" curves exhibited by LCPs. Guo et. al. (45) attributed 
these observations to the initial deformation and flow of the texture of the LCPS, followed by 
subsequent "tumbling" of the molecules and, finally, orientation along the flow direction at 
high shear rates. Comparisons between the results obtained from compatibilized blends. 
liquid crystal polymers, and our ternary Pglass-polymer hybrids will be discussed in Chapter 
2 of this thesis. 
Characterization of the miscibility of the hybrid components of this study is necessary 
for understanding the composite/hybrid properties that result from their melt blending. 
Thermal analysis studies typically shed light on miscibility through measurement of the 
glass-transition and melt crystallization temperatures via differential scanning calorimetry 
and dynamic mechanical testing (7.8.21). However, these parameters just mentioned are 
sometimes difficult to determine and interpret for some polymers due to overlapping first-
and second-order transitions, (i.e. similar melting peaks and glass-transition temperatures 
between the components). Thermodynamic interactions between polymer species can be 
effectively studied through small angle neutron scattering (SANS). Based on the random 
phase approximation (RPA) and the Flory-Huggins expression for the free energy of mixing, 
equations for binary polymer blends can be formulated (46). The interaction contribution 
term is included in the expression, which consists of the interaction strength (proportional to 
the Flory-Huggins solubility parameter) that is unique for two phases in a mixture. 
Essentially, the SANS intensities are related to the structure factor matrix of the blend. This 
structure factor contains information regarding the interaction parameter of binary system. 
Inorganic-organic hybrids, such as an inorganic glass phase intimately dispersed at 
molecular length scales within a thermoplastic polymer matrix, have been known to exhibit 
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enhanced mechanical and rheological properties with respect to their individual constituents 
(12,47-51). Recent developments of low-7^ inorganic phosphate glasses (Pglass) have led to 
interest in hybrids that can be processed via conventional thermoplastic blending and 
injection molding at relatively low temperatures (below 350°C). Young and Baird (50.51) 
reported mechanical and rheological studies on phosphate glasses comprised of zinc 
compounds, borates, sulfites, and metal oxides (Tg - 282°C) blended with high performance 
thermoplastics, such as poly (ether ether ketone) (PEEK) and poly (ether imide) (PEI). The 
current project described here continues the research of Otaigbe and coworkers (48.49.52-57) 
by using a special low-7^ (~ 120°C), tin-based phosphate glass (Pglass) blended with 
polystyrene (PS) and low-density polyethylene (LDPE). The present research demonstrates a 
facile, low temperature method for producing unique inorganic-organic hybrids with tailored 
properties. This is made possible by the relative ease of deformation and elongation of the 
low-7g Pglass phase within the polymer melt matrix. 
With the recent reported successes (53,58) at synthesizing this chemically durable 
phosphate glass and its respective glass-polymer hybrids, the chemical and rheological 
properties of the Pglass and its hybrids with polystyrene, low-density polyethylene and 
polyethylene are investigated and discussed in great detail within this thesis. However, little 
to no information is available regarding the effect of the solid and/or molten Pglass on the 
crystallization behavior of semicrystalline polymers. Furthermore, information in the 
literature on the mechanical properties of the Pglass-polymer hybrids is relatively scanty. 
As a comparison to this recent research described within this thesis, we compared 
prior research on short glass fiber filler polymer composites reported in the literature to gain 
fundamental insights into the crystallization effects of an inorganic phase on an organic 
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continuous matrix. Glass fibers typically provide reinforcement of the polymer matrix, higher 
temperature resistance than the pure homopolymer (59), and improved crystallinity (60). 
depending upon the processing conditions and the degree of adhesion between the filler and 
polymer phases (61). A number of inorganic fillers are known to be very effective nucleating 
agents for polymers, often providing regions along the particle surfaces where crystal growth 
(transcrystallinity) can occur at faster crystallization rates. These fillers typically change only 
the size and number of crystallites within the matrix and do not affect the overall nature of 
the crystallinity. Avalos et. al. (62) found that by adding short (6mm-long) E- glass fibers to 
blends of polypropylene and low-density polyethylene, the half time of crystallization 
decreased as compared to the blends without E-glass. 
Many authors have successfully compatibilized polyethylene and polypropylene 
composites comprised of glass fibers or beads with functionalized polymers with maleic 
anhydride (MAH) (63.64). The better adhesion between the glass and polymer phases, 
reported by these authors, can be attributed to reactivity of the carboxylic groups of the MAH 
with the hydroxyls of the glass in addition to the compatibility of the maleated polymer with 
the main polymer phase. 
Once a clear understanding of the rheology of our inorganic-organic hybrids is 
attained, the experimental results obtained must be incorporated into a theoretical model that 
effectively describes the chemical and physical interactions (i.e. interfacial tensions of 
components), characteristic lengths (i.e. droplet radii) and how they affect the dynamic and 
steady shear flow properties of the hybrids. Currently, various models for emulsions and 
immiscible blends exist in the literature (16.32.65-67). Typically, these models include the 
time-dependencies of deformation (shear or strain rate) and stress (stress relaxation) of 
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linearly viscoelastic materials under small amplitude oscillatory conditions such that the 
internal microstructure is not ruptured and the stress tensor equation is simplified. Theories 
based on dilute and concentrated mixtures of Newtonian liquids are the basis for these 
models. In particular, Choi and Schowalter (68) formulated expressions for the frequency-
dependent storage (G ) and loss (G ' ") moduli, which are functions of the zero-shear 
viscosities of the dispersed and continuous matrices, radius of dispersed droplets (typically, a 
volume-averaged value is used), volume fraction of the dispersed phase, the interfacial 
tension and the viscosity ratio between the two components, and the applied frequency. 
Extensions of this model incorporate an interfacial contribution to the complex modulus, 
because of the increase in value at low frequencies due to dominance of interfacial versus 
hydrodynamic stresses within the blend. Other models, such as the Doi-Ohta theory, define 
an interfacial area (size) and anisotropy tensor (shape) that depend on the vectors normal to 
the interface and contribute to the stress tensor. From this formulation, contributions of flow 
and relaxation are included, yielding parameters that describe the size relaxation, breakup 
and shape relaxation, and total relaxation of the droplets within the matrix. The Palieme 
model (65) uses an interfacial stress tensor conception that incorporates isotropic and 
nonisotropic interfacial tensions that depend on the interfacial strain. Ultimately, the 
experimentally determined complex modulus is related to the moduli of the pure components 
along with the droplet radius and interfacial tension. Simple variations of the Palieme model 
eliminate the nonisotropic portion of the equation when considering uncompatibilized blends. 
In order to fully understand the utility and behavior of the hybrids, accurate 
information regarding the interfacial properties and their connection to the rheology is 
essential. The pendant drop method (69-71) is effective in determining the surface tensions of 
10 
fluids. Surface tensions of pure polymers are well documented in the literature (33.71-73) 
and are useful in calculating the interfacial tension between components of polymer blends. 
Polymers exhibit low surface tensions due to small cohesive forces between the polymer 
chains within the bulk material. In direct contrast, inorganic glass typically shows very high 
values of surface tension (74-77) just as molten metals and other inorganic, short-chained 
molecules. 
Analysis of the deformation of a dispersed droplet at various shear rates can also used 
to determine the interfacial tension between two components (78). in addition to those 
methods previously discussed in this thesis. At small Capillary numbers, where the dispersed 
droplets are nearly spherical and creeping flow conditions (small Reynolds number) exist, the 
viscosity of an emulsion of noncolloidal droplets is a function on the viscosity ratio of the 
components and volume fraction of the dispersed phase within a continuous matrix (66). 
Optical microscopy coupled with a shearing cell was used for the droplet deformation 
experiments at low shear rates, allowing the interfacial tension to be obtained as discussed in 
Chapter 5. 
By providing the extensive fundamental understanding of the material science and 
chemical engineering of hybrid inorganic-organic materials, this thesis makes an important 
contribution to the rheology, processibility. and phase behavior of these little studied 
advanced hybrids with enhanced benefits. The research results should provide a basis for the 
future production and manipulation of structure and properties of special hybrid inorganic 
phosphate glass-organic polymers with optimal characteristics for special uses. 
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Purpose of the research project 
While prior research has been performed on the chemical structure, rheology and 
dynamic mechanical properties of phosphate glass-polymer hybrids in earlier studies, more 
extensive analyses on the low-7g tin-based phosphate glass are still quite necessary due to the 
many questions still left unanswered. Current research described in this thesis has touched on 
the flow properties, dependence on temperature, deformation and morphology of the 
dispersed Pglass domains, phase behavior of the binary and ternary hybrids of the glass with 
various thermoplastic polymers. Direct outcomes of this research have led to factors that may 
inhibit or enhance desired properties. The objectives of this work are: 
1. Evaluate ternary systems of the Pglass dispersed within a polymer blend with 
emphasis on rheology, morphology, and processing conditions. 
2. Investigate the crystallization effects (i.e. kinetics, crystallite geometry, growth 
rate, percent crystallinity) of the low-7g tin-based Pglass on semicrystalline 
polymers low-density polyethylene and polypropylene, emphasizing the effects 
due to molten and solid Pglass droplets. 
3. Examine the tensile and dynamic mechanical properties of Pglass-polymer 
hybrids at various Pglass concentrations. 
4. Determine miscibility of the phosphate glass with polystyrene and polyethylene 
through rheology, rheometry. neutron scattering, and thermal analysis. 
5. Experimentally evaluate the interfacial tension of the Pglass with the polymers 
through pendant drop and droplet deformation methods. 
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6. Determine and incorporate effective compatibilizing agents with Pglass-polymer 
hybrids and evaluate the changes in mechanical, viscometric and viscoelastic 
properties of the compatibilized hybrids. 
7. Investigate the applicability of the hybrids rheological data with current emulsion 
models. 
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CHAPTER 2. AN EXPERIMENTAL STUDY OF MORPHOLOGY AND 
RHEOLOGY OF TERNARY PGLASS-PS-LDPE HYBRIDS 
A paper submitted to Polymer Engineering and Science 
Peter C. Guschl and Joshua U. Otaigbe 
Abstract 
Ternary blends of low-density polyethylene (LDPE), polystyrene (PS), and a low Tg tin-
based phosphate glass (Pglass) were prepared at compositions ranging from 0-50 (vol)% 
Pglass in which either LDPE or PS was the continuous matrix phase. Differential scanning 
calorimetry was used to investigate the phase behavior of the pure components, PS-LDPE 
blends and binary Pglass-polymer hybrids. Interesting steady-shear and transient rheology 
was observed for the hybrids. In particular, the steady shear viscosity curves for the hybrids 
of (ppgiass ^ 30% exhibited unusual, four-region flow behavior, similar to that of liquid 
crystalline polymers. Two Newtonian plateaus at low (y < 0.1 s"1) and moderate 
(0.4 < y < 2.5 s"1) shear rates connected by two distinct shear-thinning regimes were 
apparent. This observed rheology is ascribed to a unique composite morphology of these 
multi-component systems. Rheological data on the binary Pglass-polymer systems suggest 
that the presence of the Pglass within both PS and LDPE contributes significantly to this 
unusual behavior, perhaps due to the interfacial behavior between the phases. Micrographs 
obtained via scanning electron microscopy reveal preferential placement of the Pglass phase 
dispersed within the PS-phase and surrounding the LDPE phase. Optical shearing data 
confirmed the evolution of this microstructure under specific shear conditions. 
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1. Introduction 
It is well known that the production of immiscible blends of polymers can lead to 
composite materials with special chemical, thermal, mechanical, and rheological properties 
(1-6). These materials normally have better favorable properties than that of their pure 
constituents. These properties include reduced viscosities, high moduli and tensile strengths 
(7) induced by processing (8,9). For instance, polymer blends consisting of liquid crystalline 
polymers (LCP) are known to induce enhanced flow behavior at low concentrations within 
particular polymer matrices (10-12), making the LCP useful as polymer processing aids. 
Incompatible or immiscible blends give rise to unique composite properties because 
of the morphology of a dispersed phase suspended within a continuous matrix. Essentially, 
the morphology of the dispersed and continuous phases determines the strength and viscosity 
of the composite material to an extent that depends on the phase compositions, flow histories 
and orientations (13-17), shape and size of the droplets (7.18,19). and viscosity and 
interfacial behavior of both phases (10.11,20,21). Ternary systems especially manifest 
special phase morphologies (subphase, minor and continuous phases), depending on the 
blend components and the concentration of these components within the blend (22-24). 
Reignier and Favis (22) reported the "composite drop morphology" of a ternary system 
consisting of polystyrene (PS) and poly (methyl methacrylate) (PMMA) within an high-
density polyethylene (HOPE) matrix. The observation of encapsulation of the PS dispersed 
phase around the PMMA "subinclusions" was noted in their article. Similarly, Hobbs et. al. 
(20) observed "spreading" of the subinclusion PMMA phase within a polycarbonate (PC) 
minor phase 
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in their poly(butylene terephthalate) (PBT), PC and PMMA ternary blends, based on 
interfacial tensions of each component relative to their binary blends. The significance of the 
interfacial energy between the blend components and its inherent effect on the rheology is of 
extreme importance in understanding and quantifying the properties of these materials. 
Other ternary systems are distinguished as compatibilized immiscible polymer 
systems comprised of a copolymer which contains polymer units that are miscible in both 
components, thereby modifying the interfacial properties of the immiscible components 
(7,18,25-27). Moan et. al. (26) studied the morphological and rheological effects of a random 
terpolymer on a polyamide (PA) dispersed within a PE matrix. Their blends revealed unusual 
steady shear behavior that is remarkably similar to that of our ternary hybrids discussed later. 
Essentially, Moan et. al. reported viscosity curves with two plateau regions, at low and 
moderate shear rates, connected by shear-thinning regions. Analogies between the results 
regarding compatibilized blends and our ternary Pglass-polymer hybrids will be discussed in 
this study. 
Inorganic-organic hybrids, such as an inorganic glass phase intimately dispersed at 
molecular length scales within a thermoplastic polymer matrix, have been known to exhibit 
enhanced mechanical and rheological properties with respect to their individual constituents 
(28-31). Recent developments of low-7^ inorganic phosphate glasses (Pglass) have led to 
interest in hybrids that can be processed via conventional thermoplastic polymer blending 
and injection molding at temperatures below 350°C. Previous work of Young Baird (28) and 
by others (31-33) reported mechanical and rheological studies on a phosphate glass 
comprised of zinc compounds, borates, sulfites, and metal oxides (Tg- 282°C) blended with 
high performance thermoplastics, such as polyetheretherketone (PEEK) and polyetherimide 
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(PEI). This current study continues the research reported previously (30,34-38) by using a 
special low-7*g(~ 120°C), tin-based phosphate glass (Pglass) blended with polystyrene (PS) 
and low-density polyethylene (LDPE) to form Pglass-PS-LDPE hybrids with interesting 
morphologies and properties. The present research demonstrates a facile method for 
producing at relatively low temperatures unique inorganic-organic hybrids with tailored 
properties using conventional polymer processing methods. This is made possible by the 
relative ease of deformation and elongation of the low-rg Pglass phase within the matrix 
polymer melts during processing. The experimental results of this study will form a basis for 
the development of theoretical models for predicting the behavior of this special class of 
advanced materials. The modeling efforts will be reported in a future manuscript to be 
published elsewhere. 
2. Experimental 
2.1 Materials 
Dow Chemical Company provided the polystyrene (PS) grade - Styron 666D. The 
density and melt flow index (MFI) are 1.04 g cm"3 and 8.0 g (10 min)*1 (ASTM D 1238). 
respectively. The glass transition temperature of the PS grade was found through differential 
scanning calorimetry (DSC) to be approximately 105.1°C. The low-density polyethylene 
(LDPE) grade PE 1023 was supplied by Huntsman Corporation. The density and MFI are 
0.92 g cm*3 and 2.5 g (10 min)"1 (ASTM D 1238). respectively. Through DSC, two melting 
points were determined to be about 62.1°C and 11 l.7°C, due to the presence of two different 
types of polyethylene crystal (39). 
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The low-7g phosphate glass (Pglass) having a molar composition of 0.50 SnF: + 0.20 
SnO + 0.30 P2O5 with an average density of 3.75 g cm"3 and a Tg of 125.7°C (found through 
DSC) was synthesized in the laboratory following the procedures reported elsewhere (30). 
The tin fluoride (SnF?) and tin oxide (SnO) were provided by Cerac Incorporated, and the 
ammonium phosphate (NH4 H2PO4) was supplied by Fisher Scientific. 
The polymer samples were dried in a vacuum oven (Model 5861) at 90°C for at least 
24 hours prior to mixing in order to remove any moisture from the samples. Hybrids of PS. 
LDPE and Pglass, with volume fractions of Pglass ranging from 0% to 50%. in either a PS-
rich (70:30 by volume PS:LDPE) or LDPE-rich (30:70 by volume PS:LDPE) matrix were 
hand-mixed in the desired proportions prior to mixing (or melt blending) in a Haake 
Rheomix 600. The samples were all mixed at 230°C at a rotor speed of 30 RPM for 15 
minutes in order to obtain a sample that is dispersed uniformly. After mechanical 
granulation, the samples were subsequently compression molded into disks (18.8 mm diam. 
by 3.40 mm thick) at 200°C and 26 ±2 MPa (3750 ± 250 psi) in order to minimize the 
presence of voids. The resulting disks were then used for shear rheometry experiments using 
the ARES rheometer as described below in Section 2.3. Zero-shear viscosities of each 
component were determined using the Carreau viscosity model at 170. 200. and 230°C. and 
the values obtained are shown in Table 1. 
2.2 Thermal Analysis 
A differential scanning calorimeter (DSC Pyris 1, Perkin-Elmer thermal analysis 
system) was used to determine the thermal behavior of our samples. The samples were 
heated from 22°C to 250°C at a rate of 40°C min"1 in a nitrogen atmosphere. Figures 1 and 2 
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represent the thermal behavior of each pure component and various PS-LDPE. Pglass-PS. 
and Pglass-LDPE mixtures obtained from DSC analysis. For the Pglass-polymer hybrids, 
multiple scans were necessary prior to the procedure just described to eliminate any crystals 
that had formed during the initial melt blending process. An initial thermal scan from 22 -
150°C at a heating rate of 10°C min"1 was performed followed by a 10-minute isothermal 
scan at 250°C. Finally, the material was then cooled to 22°C at 10°C min"1. Figures 2b and 2c 
show the results for the Pglass-PS and Pglass-LDPE hybrids, respectively, after the thermal 
treatments just described. 
A thermogravimetric analyzer (TGA-7, Perkin-Elmer thermal analysis system) was 
utilized in order to investigate any possible degradation (weight loss) of our Pglass-polymer 
hybrids. The samples were heated and held at 230°C for 180 minutes (3 hours) under a 
nitrogen atmosphere. This analysis was intended to mimic the conditions of the transient 
shear tests without the presence of an applied shear deformation rate. 
2.3. Rheological Characterization 
2.3.1. Dynamic Shear 
Through use of the Advanced Rheometric Expansion System (ARES, Rheometric 
Scientific) dynamic shear testing was performed on the Pglass-polymer hybrids and their 
constituents between two stainless steel parallel plates. Each experiment was performed 
within a nitrogen atmosphere to eliminate oxidative effects in air. The dynamic tests 
consisted of temperature, frequency and time sweeps. In order to ensure the condition of 
linear viscoelasticity for the oscillatory deformation mode, strain sweeps were carried out on 
each sample, and the critical strain for linear viscoelasticity was found to be dependent on the 
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volume fraction of Pglass within the polymer matrix. The largest Pglass volume fraction 
investigated was 50%. The critical strain for this hybrid was found to be 0.5%. Every sample 
was tested within the linear viscoelastic region under this strain value; thus, each dynamic 
test was run at a strain of 0.5% for trend comparison. 
The temperature sweeps were run from 180°C to 270°C in order to evaluate the 
thermorheology of the samples of this study. The frequency sweep experiments were 
performed within the frequency range 0.05 rad s"1 < eo < 100 rad s"1. and the time sweeps 
were measured for an hour (3600 seconds) under a frequency of 1 rad s"1. 
Adalja and Otaigbe (29) in their dynamic rheological experiments on the pure Pglass 
found that at sufficiently high enough temperatures and under certain lengths of time, the 
Pglass crystallizes under shear. This crystallization process caused the complex viscosity to 
rise abruptly and exponentially. Based on the prior research just mentioned and on 
temperature sweep experiments performed in this study, a temperature of 230°C was selected 
for each rheological test. At this temperature the hybrids had suitable viscosities and stresses 
for testing, and unique viscosity ratios between the components. In addition no significant 
degradation effects were observed at this temperature. 
2.3.2. Steady and Transient shear 
The steady shear experiments were carried out under a shear rate range of 
0.025 < y < 100 s"1. At shear rates greater than or equal to approximately 20 s"1 the samples 
exhibited edge fracture, evidenced by the inward bulging or expulsion of the samples 
between the parallel plates during the test and an abrupt drop in steady shear viscosity 
beyond this shear rate. The use of the cone-and-plate geometry was avoided due to the large 
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viscosity (stress) values and difficulty in reaching a sufficiently small gap height (~ 0.2 mm) 
with the high (0pgiass ^ 30%) Pglass-loaded samples. 
The transient runs were performed at 230°C and a constant shear rate of 0.2 s"1 for 
10.000 seconds (2 hours 47 minutes), equating to a total deformation of 2000 strain units (s. 
u.) ( 7 = yt ). This length of time for these experiments was selected in order to investigate the 
possible development of a steady-state morphology within our ternary Pglass-PS-LDPE 
system. Because of the time-dependent shear-induced crystallization of the Pglass at this 
temperature, stable steady state morphologies could not be reached within the investigated 
time for the higher Pglass-loaded hybrids {fogiass ^ 40%). This observation will be discussed 
later in Section 3.0 of this manuscript. Also, due to the inability of the 50% Pglass-PS-rich 
hybrid and the 0% and 50% Pglass in the LDPE-rich matrix to remain in between the parallel 
plates of the rheometer, only data points obtained at times less than 500 and 800 seconds, 
respectively, are included in the figures described later. The experimental transient shear data 
are reported here as the variations of shear stress with shear strain. 
2.4. Microscopy 
Optical microscopy was utilized in conjunction with an optical shearing system 
(Cambridge Shearing System CSS 450) in order to analyze the real-time morphological 
evolution in the hybrids. The microscope used was an Olympus BH2-UMA. Micrographs of 
magnification 5X and 20X represent boxes 172 |im high by 129 p.m wide and 42.3 ^m high 
by 31.7 nm wide, respectively. Film samples of 150 to 300 microns in thickness were 
examined under quiescent and sheared conditions. Scanning electron micrographs were 
obtained using a Hitachi S-2460N VP-SEM. These micrographs were created under a beam 
current of 0.5 nA, a 25 mm working distance, a 40 Pa (0.3 torr) helium atmosphere, an 
accelerated voltage of 20kV and a magnification of 150x. The samples examined were 
compression molded, as discussed previously, and fractured with a razor blade, exposing the 
surface to be viewed. 
3. Results and Discussion 
3.1. Thermal Analysis 
The melting temperatures, glass transition temperatures and changes in enthalpy. AH. 
obtained from Figures 1 and 2 are shown in Table 2. A normalized enthalpy column was 
included in order to analyze any enthalpy loss due to composition and chemistry of the blend. 
The AH„orm values are calculations of the volume fraction of the PS [Table 2(a)] or Pglass 
[Table 2(c)] within the blend multiplied by the enthalpy for pure LDPE. Figure 2a shows the 
endothermic curves for pure LDPE and PS as well as that of the PS-LDPE blends having the 
following volumetric ratios: 10:90, 30:70, 50:50, 70:30 and 90:10 PS:LDPE. As the 
concentration of LDPE decreases, the intensities of both melt peaks decrease, as expected. 
The AH and AHnarm values appear to be similar at low PS concentrations within the PS-LDPE 
blend and deviate at higher PS concentrations. Earlier studies (40.41 ) have noted a decrease 
in crystallinity of HDPE and LDPE due to the presence of PS. The PS phase is believed to 
inhibit the growth of the PE crystallites, causing a nonlinear decrease in crystallinity with 
increasing PS content. In addition, a general shift to the left in both the first and second 
melting temperatures of the LDPE phase is observed as more PS is added to the system. 
Figures 2b and 2c reveal an indication of the compatibility of the Pglass with the PS 
and LDPE, respectively. The Pglass-PS binary hybrids do not show typical two-7^ transitions 
corresponding to immiscible blends. The presence of the Tg of the PS is the only observable 
transition. The position of the Tg appears to remain constant within the expected deviation 
due to the experiments. Similarly, the Pglass-LDPE binary hybrids show slight variations in 
the Tm of LDPE due to the presence of the Pglass. It is important to note that the 50% Pglass 
hybrid does show a Pglass Tg shifted to a higher temperature (134.0°C) than the pure Pglass 
value (125.7°C) (see Figure 2c). This observation may imply a region of phase inversion 
where the Pglass and LDPE phases are co-continuous. 
To analyze thermal stability of the materials, we performed TGA runs for the pure 
components, and various combinations of the Pglass within the PS-rich and LDPE-rich 
matrices, respectively (Figure 3). It is apparent from Figure 3a that the three pure 
components do not significantly degrade more than 3.0 (wt)% under these conditions. The 
other figures (3b and 3c) show that the hybrids at 10%. 30% and 50% Pglass loading exhibit 
a smaller degree of degradation than the pure components. Weight loss for the PS-rich and 
LDPE-rich hybrids was about 2.0% and 1.5%, respectively. 
The Pglass-PS and Pglass-LDPE hybrids may exhibit partial miscibility 
characteristics as suggested by Figure 2. However, optical micrographs (Figure 4) and 
scanning electron micrographs (Figure 7) show distinct phase separation between all three 
components of the ternary hybrids, suggesting immiscibility between the phases. Frayer et. 
ai (31), however, through their research of a different phosphate glass blended with high 
temperature thermoplastic and thermosetting polymers, suggested that a partial miscibility 
between the inorganic and organic phases and/or a reaction at the Pglass-polymer interface 
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may exist, giving rise to new chemical bonds and phase interactions. Recent work within our 
research group has shed some light on the subject of the possible existence of chemical 
interactions between our inorganic-organic hybrid systems, implying that structural changes 
do occur within the polymer and Pglass when blended together, however, no reactions 
between the two phases have been observed using NMR techniques (42). A basic ternary 
composition plot of the three components based on microscopy and DSC information is also 
shown in Figure 4. All blends and hybrids were found to exhibit multiple phases. Future 
investigations of hybrids comprised of small concentrations of Pglass (0pgiass < 10%) may 
give rise to homogeneous, single-phased samples. A more detailed phase diagram analysis 
will be produced in the future, using light and neutron scattering and atomic force 
microscopy techniques, which would allow definite claims to be made on the compatibility 
of these components. 
3.2. Dynamic Shear Rheology 
3.2.1. Pure Components 
Small amplitude oscillatory rheological tests were performed on samples of the pure 
components of the hybrids, revealing the T- and ^-dependence of these materials, 
respectively (Figures 5 & 6). Figure 5a shows that the polymers exhibit relatively weak 
thermorheology or little temperature-dependence compared to that of the Pglass. The 
complex viscosity of the PS drops by about an order of magnitude throughout the 
temperature range of 180°C to 270°C. whereas the viscosity of the LDPE changes very little 
compared to the other components. One can see that the Pglass viscosity has a very strong In­
dependence, spanning over almost three orders of magnitude within the temperature range 
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studied. This strong dependence on temperature of the Pglass viscosity has been previously 
reported (28,29,43) and is ascribed to large flow activation energies commonly associated 
with inorganic glasses. An abrupt rise in complex viscosity of the Pglass after 250°C is 
reproducibly observed and is attributed to effects of exposure to high temperatures under 
shear. At high temperatures (T > 250°C), the Pglass is known to crystallize at short times (t < 
10 minutes) under low shear within the linear viscoelastic regime for this material (29). 
Earlier comprehensive X-ray diffraction and differential scanning calorimetry studies that 
supports the crystallization tendency of Pglass have been reported for other non-tin-based 
phosphate glasses under ambient and above-ambient temperatures (44,45). The complex 
viscosity of the Pglass is also observed to be lower than that of both pure polymers at 
temperatures greater than 220°C. 
Figure 5b reveals the viscoelastic properties of each component and how they change 
with temperature. The same general decrease in magnitude can be seen as for the complex 
viscosities. It is important to note that the loss modulus, G ' is larger than the storage 
modulus, G ', throughout the temperature range studied for the PS and Pglass. implying that 
the rheological response of these amorphous materials are dominated by viscosity. The 
storage modulus of PS is more ^dependent than the loss modulus, showing larger deviation 
at high temperature. The moduli of the Pglass vary with temperature in a similar manner to 
that of PS. The semicrystalline LDPE has a roughly equivalent viscous and elastic character, 
because of the crystalline phase, and shows a crossover temperature, where the G ' becomes 
less than the G at around 224°C. 
The complex viscosity dependence on frequency is shown in Figure 6a for the pure 
materials. The polymers show typical behavior, exhibiting an initial Newtonian plateau at 
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low frequencies followed by a shear-thinning regime at moderate frequencies. The LDPE. 
although not strongly dependent on temperature, reveals a sharp drop in viscosity (power law-
index, n = 0.55) throughout the frequency range studied. The PS has a rather long Newtonian 
plateau within this range of frequencies followed by a small shear-thinning regime (« s 0.91). 
The Pglass shows Newtonian behavior due to the relatively small molecular chains and 
instantaneous alignment of these chains under shear in the liquid phase (33). 
Figure 6b shows G \û>) and G "(a) for the pure components at 230°C. The loss 
modulus is greater than the storage modulus for each component at low frequencies (<u < 1 
rad s"1). Beyond this frequency, the LDPE shows a crossover point where the storage 
modulus becomes greater than the loss modulus. The PS and Pglass sustain their behavior in 
which G "(<u) > G ' (at) throughout the frequency range studied. Because the complex 
viscosities of the PS and Pglass are comparable at frequencies less than 10 rad s*1. the loss 
moduli are also approximately the same. 
3.2.2. Pglass-polymer Ternary Hybrids 
As visualization for the subsequent analysis of the Pglass-polymer ternary hybrids. 
SEM micrographs are shown in Figure 7. Micrographs (a) - (c) and (d) - (f) represent the 
hybrids consisting of PS as the continuous phase (PS-rich) and LDPE as the continuous 
matrix (LDPE-rich). respectively. In this section, we first discuss the dynamic rheological 
behavior of the Pglass-PS-rich hybrid followed by the dynamic behavior of the Pglass-
LDPE-rich hybrids. 
PS-rich Hybrids Figures 8, 9, and 10 show the thermorheology. ^dependence. and 
time-dependence OJ, T),G\t, eu, T), and G ' \t, to, 7)], of the PS-rich Pglass hybrids, 
respectively. The F-dependence of 77* (Figure 8a) of the Pglass hybrids with 0pgiass 5 20% is 
consistent with that of the pure polymer (i.e 0pgiass = 0%) systems, such that a stable decrease 
in viscosity with increasing temperatures is observed throughout the T range studied. The log 
rf versus T slope persists for the Pglass-polymer hybrids of <j>pgiass > 20% up to F s 235°C. 
An additional, steeper slope is observed, however for temperatures beyond 235°C. This latter 
observation is attributed to the presence of the Pglass phase in the hybrids at or near the 
phase inversion concentration. As already mentioned, the Pglass is very 7-dependent (see 
Figure 5a). The extent of this viscosity drop is expected to increase with Pglass loading, and 
the slopes of the rf (7) curves for pure Pglass and these high Pglass-loaded hybrids are. in 
fact, comparable in the temperature range just mentioned. 
For completeness the shear moduli of the hybrids were investigated in the 
temperature range studied. Again, as with the complex viscosity, similar decreases with 
temperature are apparent. However, one can see that a distinct rise in G ' occurs for all 
temperatures greater than 205°C as more Pglass is added to the polymer matrix (Figures 8b). 
Once 40% Pglass is reached, a drop in storage modulus is observed for temperatures higher 
than 240°C. Apparently, the Pglass phase, although not very elastic in the pure state (see 
Figures 5 & 6 for comparison), improves the amount of stored energy or stiffness of the PS-
LDPE blend in the melt. Adalja (46) noted an increased complex shear moduli and creep 
resistance as Pglass is added to an LDPE matrix for temperatures less than 100°C (both 
phases are solid) through dynamic mechanical testing. As expected, the loss modulus of 
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Figure 8c shows essentially the same behavior as in Figure 8a, because of the dominant 
viscous dampening of the PS continuous matrix. 
Figure 9a represents the frequency dependencies of the complex viscosities of the PS-
rich hybrids. We see a similar trend in viscosity growth associated with Pglass loading as 
noted in Figure 8a. At low frequencies (<u < 0.3 rad s*1), the complex viscosity of the hybrids 
( $pglass ^ 20%) is larger than that of the unfilled PS-LDPE blend, and at high frequencies (co 
> 0.3 rad s"1), the hybrids reveal lower viscosities. This observation is due to the deformation 
and elongation of the Pglass phase at high frequencies and the contribution to an increase in 
fluidity of the matrix phase. A significant drop in viscosity is observed for the 20% Pglass 
hybrid and may be attributed to this evolution of the Pglass phase during flow. As more 
Pglass is added, the Pglass droplets begin to grow and coalesce, causing an increase in the 
complex viscosity to occur. At high Pglass loadings (<f>pgiass > 20%) and high frequencies, a 
large degree of shear thinning was observed. A change in power law index from a value of 
0.64 for the low Pglass (<ppgtass 5 30%) systems to 0.38 for the 40% and 50% Pglass-loaded 
hybrids was observed. In addition, possible yield stress behavior (abrupt rise in viscosity with 
no TJ* plateau as frequency is decreased) may be occurring at Pglass loadings higher than 
40%. This assertion is supported by the observed decrease in Newtonian regime at low 
frequencies. 
The G ' (<y) and G "(co) results for the PS-rich hybrids are shown in Figures 9b and 9c. 
respectively. Again, a rise in storage modulus with increasing Pglass concentration is 
observed for a>> 3 rad s'1. A drop in G '(co) is observed as with the decrease in complex 
viscosity at 20% Pglass loading (see Figure 9a). Similarly, the loss modulus behaves as the 
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complex viscosity. It is important to notice that as more Pglass is present in the PS-rich 
matrix G ' (eo) approaches G ' \ûi) for all frequencies studied. Since the Pglass showed G "(to) 
> G ' (to) behavior, high Pglass-loaded hybrids should also exhibit similar behavior. This 
conjecture is valid only until a Pglass volume fraction of 30% is attained, in which G ' (<y) > 
G"(û>). It appears that at high Pglass loadings, the hybrids have become increasingly more 
rigid (elastic) than viscous. At these high loadings (0pgiass > 30%). a phase inversion occurs, 
and the role of the continuous matrix switches from the PS to the Pglass phase. Under this 
phase inversion condition with polymer droplets dispersed within a Pglass matrix, large 
moduli are apparent with elasticity dominating the viscoelastic behavior. It is presumed that 
as the Pglass concentration approaches 100%, then the storage modulus should drop lower 
than the loss modulus as in the pure Pglass case already discussed. 
The melt thermal stability of the Pglass hybrids in the PS-rich matrix was studied and 
the results obtained are shown in Figure 10. The addition of Pglass decreases the stability of 
the polymer system. Addition of 10% Pglass to the PS-LDPE matrix resulted in a rise in 
viscosity (Figure 10a) and moduli (Figure 10b and 10c). This rise in viscosity is attributed to 
the shear-induced crystallization of the Pglass phase previously reported (29). Beyond 20% 
Pglass loading a significant complex viscosity increase is observed in the hybrids. The 
combination of the polymer and Pglass may enhance the Pglass crystallization process (42). 
Adalja et. al. (29) did not observe shear-induced crystallization in the pure Pglass at the same 
frequency, co— 1 rad s4. until after an hour of applied shear. Figure 10 shows significant 
viscosity and moduli increases after 15 minutes (900 seconds) for the majority of the hybrids. 
The reasons for these increases in the viscoelastic material functions of the melt are not 
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completely understood at this time. One plausible explanation is associated with pre-existing 
crystals of Pglass formed during the initial blending process, allowing imminent nucleation 
of new crystals to grow after short periods of time. This is a matter that is currently under 
investigation in the laboratory. Melt blending techniques can be modified by lowering the 
temperature and time of mixing so that the formation of any crystals may be minimized. 
However, this change in the procedure could adversely affect the dispersion and, ultimately, 
the morphology and phase behavior of the three phases, due to the strong F-dependence of 
the Pglass phase already discussed. 
Figure 1 la elucidates the trend in complex viscosity of the PS-rich hybrids versus 
Pglass volume fraction, from an average of the three dynamic shear experiments shown 
earlier in Figures 8, 9. and 10 under the following conditions (230°C. 1 rad s*1, 1800 s). Also 
included are the F- (Figure 1 lb) and ^-dependence (Figure lie) of the viscosity ratios 
k*(eo, F) = r]*dispersed!continuous of binary combinations of the three components {i.e. LDPE 
dispersed in PS, Pglass dispersed in PS. etc.). Little to no change in rj* was observed for the 
hybrids of Pglass loading < 20%. As Pglass was added an abrupt rise in complex viscosity 
persists until 40%. After this concentration, a viscosity drop occurs. A phase inversion 
concentration might exist at the 40% Pglass volume fraction, where the Pglass has essentially 
become the new continuous phase. Since the Pglass has a lower viscosity than both the pure 
PS and LDPE components at this temperature {i.e. 230°C), a viscosity drop at this and higher 
concentrations of Pglass is understandable. We can see from Figure 1 lb and 11c that the 
Pglass-PS viscosity ratios at temperatures greater than 220°C and frequencies between 0.1 > 
û)> 10.0 rad s*1 exist within a range 0.1 >k*> 1.0 (lines are included in Figures 1 lb and 1 lc 
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in order to depict this range). According to Young et. al. (28), this viscosity ratio range is 
consistent with immiscible systems having well-dispersed, deformable droplets, that are ideal 
for rheological and mechanical property enhancements within polymer blends and 
composites. 
LDPE-rich Hybrids The 7-dependence, ^dependence and melt thermal stability of the 
Pglass-LDPE-rich hybrids are shown in Figures 12, 13 and 14, respectively. The log if 
(similarly log G ' and log G ' ) versus T curves reveal a steady negative slope, as expected, for 
each hybrid at low temperatures (Figures 12a, 12b. 12c). The hybrids of Pglass loading 
greater than 30% show steeper drops in complex viscosity and dynamic moduli than the low 
^pglass hybrids. The 30% and 40% Pglass hybrids appear to deviate from linearity beyond 
200°C. The 50% Pglass hybrid exhibits a unique three-region behavior: (i) a sharp decrease 
until about 210°C, (ii) a plateau region (210°C < T < 240°C), and (iii) a steep shear-thinning 
region beyond 240°C. The Pglass-PS hybrids discussed earlier showed similar behavior 
albeit to a lesser extent at 40% and 50% Pglass content (see Figure 8). The second region 
may represent a temperature range where a balanced competition exists between the shear 
flow-induced crystallization {rj* increasing) and the increase of free volume of molecular 
chains (rj* decreasing) due to higher temperatures are expected. The last portion of the curve 
was detected in the PS-rich hybrids discussed earlier and could be attributed to the presence 
of a high concentration of the strongly T-dependent Pglass phase. 
Figures 13a, 13b, and 13c show how the complex viscosity and moduli change with 
frequency. Shear-thinning rj* behavior is apparent for all compositions, exhibiting 
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approximately the same slope (n^g = 0.49 ± 0.07) for <fa>giass < 30% and a slightly steeper 
slope (riavg = 0.43 ± 0.04) for 40% and (riavg — 0.40 ± 0.02) for 50%. preceded by a Newtonian 
plateau at low frequencies (#<0.1 rad s"1). The more pronounced Newtonian plateau at the 
higher Pglass (^ > 40%) loading might exist due to confinement of the polymer droplets 
within the Pglass matrix as confirmed by SEM (Figure 7f). The G (to) and G"(co) results for 
the LDPE-rich hybrids in Figures 13b and 13c reveal analogous variation with Pglass volume 
fraction as the complex viscosity. This observation was expected because the LDPE was 
shown earlier to have roughly equivalent dynamic moduli [G ' (co) = G' '(<%)] throughout the 
studied frequency range. However, upon close inspection of Figures 13b and 13c. one can 
see that G ' (co) < G ' '(co) for all Pglass hybrids with #>giass ^ 30%. where the crossover 
frequencies (if present) exceed the maximum experimental frequency of 100 rad s*1. Beyond 
a Pglass loading of 30% the LDPE-rich hybrids exhibit the same trend [i.e. G ' (co) > G" (co)] 
as observed earlier for the PS-rich hybrids (see Figures 9b and 9c) at the same Pglass 
concentration. 
Figure 14 shows the thermal stability of melts of the Pglass-LDPE-rich hybrids. At 
low Pglass concentrations, the LDPE-rich hybrids remain relatively stable like the PS-rich 
hybrids. Once the Pglass volume fraction reaches 20% the presence of the Pglass begins to 
affect the complex viscosity of the hybrids throughout the duration of the experiment. 
Considerable growth of the viscosity is observable at very high Pglass loadings ((f> = 40%, 
50%). As already mentioned, this increase is due to the onset of significant crystallization of 
the Pglass phase under the applied shear. Comparing Figures 10 and 14 reveals that the 
LDPE-rich matrix appears to suppress the shear-induced crystallization effect of the Pglass 
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phase until a concentration of about 50% Pglass. A possible hypothesis for this observation is 
that unique physicochemical interactions between the Pglass and LDPE phases are occurring, 
as reported by Teschendorf et. al. (42). These interactions could be due to adhesive effects 
between the inorganic and organic interfaces that hinder Pglass crystal growth. Confirmatory 
evidence for this hypothesis is unavailable at this time. 
The ^giasj-dependence on the complex viscosity of the LDPE-rich hybrids is shown 
in Figure 15a. Also included are the 7- (Figure 15b) and ^dependence (Figure 15c) of the 
viscosity ratios of binary combinations of the three components as for the PS-rich hybrids. 
The TJ* of the majority of the hybrids examined are lower than that of the polymer blend 
(#>giasj = 0%) throughout the entire range of temperature, frequency and time studied. An 
immediate drop in viscosity is observed during the addition of Pglass (<f>= 10%) to the 
polymer matrix. The viscosity of the Pglass is much lower than that of the LDPE and PS at 
the temperature of the experiments, thus giving rise to a lower hybrid viscosity than that of 
the pure polymer blend. As the concentration of Pglass increases (0= 20%). the complex 
viscosity returns to a value close to that of the pure polymer system. For hybrids with <(> < 
20%, the Pglass phase disperses readily within the PS droplets (see Figure 7d). Once 20% 
Pglass is present in the matrix, the PS droplets are too small to contain the large Pglass 
droplets. This concentration of Pglass represents a system that is comprised of two nearly 
equivalent volume fractions of PS and Pglass within the LDPE matrix. Due to the large 
Pglass droplets, a noticeable rise in complex viscosity is observed, which can be attributed to 
a phase inversion (4) between the Pglass and PS phases. Upon further incorporation of die 
Pglass ($= 30%, 40%). the complex viscosity appears to drop again but to a level not lower 
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than that of the 10% Pglass hybrid. The hybrids are nearing a phase inversion between the 
Pglass and LDPE phases at this point (see Figures 6d - 6f). At the highest Pglass loading, the 
viscosity rises abruptly to a maximum level compared to the hybrids of low concentration. A 
phase inversion at this concentration = 50%) may give rise to a system with a viscosity 
ratio, k*(co, T) = T]*dispersedlTJ*CONLMUOUS > 1.0 with LDPE and PS dispersed within a Pglass 
matrix. Because of this large viscosity ratio, the LDPE droplets are not deforming or 
elongating to a significant, detectable extent (28). The 50% hybrid represents a system not 
unlike a suspension of a solid phase dispersed within a liquid phase (47). Again, the rj* of the 
hybrids is assumed to decrease drastically as more Pglass (^ > 50%) is added (or less LDPE 
is present), due to the lower complex viscosity of the pure Pglass compared to that of the PS 
and LDPE at the temperature of the experiment. 
3.3. Steady Shear Rheology 
In addition to small strain amplitude rheology. steady shear viscosity versus shear rate 
plots were generated. Figures 16a. 16b and 16c show the viscosity versus rate data for the 
pure components, PS-rich and LDPE-rich hybrids, respectively. Data for the LDPE curve at 
Y > 1 s'1 could not be obtained due to the production of large normal stresses produced from 
the increasing shear rate. These stresses caused the stress transducer of the apparatus to 
overload and ultimately stop the experiment. In order to display the steady shear viscosity of 
the LDPE at shear rates greater than 1 s"1. the Carreau y ) model was used. In Figure 16a. 
one can see that the magnitudes of the pure component viscosities are similar to that of the 
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complex viscosities (Figure 6b). More pronounced Newtonian behavior is apparent for all 
three materials at low shear rates. 
The polymer blend of the PS-rich systems (0% Pglass in Figure 16b) shows typical 
rj(y) behavior with a Newtonian plateau at low shear rates and a shear-thinning zone at 
moderate to high shear rates. Unusual rheological behavior is observed once a Pglass 
concentration of 10% is added to the polymer matrix. Four regions appear as opposed to the 
typical two-region behavior of the polymer blends already discussed. A Newtonian plateau (rj0i 
= 2460 Pa-s) at shear rates y ^ 0.1 s*1 exists followed by a shear-thinning region in the range 
0.1 s"1 < y < 0.42 s"1 (riiavg = 0.36 ± 0.05). A second, smaller Newtonian region (/%,, = 850 Pa-
s) is detected followed by a second shear-thinning zone (w?avg = 0.56 ± 0.05). As the Pglass 
volume fraction increases beyond 30%, the unique four-region behavior vanishes, due to the 
coalescence, shape and interface evolution and ultimate phase inversion of the Pglass from the 
dispersed to the continuous phase. Once the phase inversion is reached between the Pglass and 
polymer, then the first shear-thinning region disappears. The high Pglass-loaded hybrids show 
distinct shear-thinning behavior (navg = 0.35 ± 0.12) for 40% and (/7uvg = 0.27 ± 0.02) for 50% 
throughout the y-range studied. A possible yield behavior at low y. suggested by the absence 
of the initial Newtonian plateau, is evident in this figure. Notice that the slope for the 40% 
hybrid is roughly equivalent to the primary shear-thinning power law index. n/avfr. of the low 
Pglass hybrids. Similar behavior is observed for the LDPE-rich hybrids (Figure 16c). however, 
the four-region shear behavior is less pronounced. For the 10% Pglass in the LDPE-rich matrix 
the Newtonian plateau values are rj 'oi = 7630 Pa-s and rj '02 = 3470 Pa-s. and the power law 
indices are n 'ims — 0.41 ± 0.12 and n 2OVg = 0.36 ± 0.08. For clarity, the four-region viscosity 
curves for both the 10% Pglass-PS-rich and Pglass-LDPE-rich hybrids are shown in Figure 17. 
One can see in this figure that the secondary shear-thinning region is less steep than the 
primary shear-thinning zone (i.e. «/ < w?, n'i< n 7). In order to investigate which components 
directly contribute to this unusual rheological behavior, rjiy) data of the binary Pglass hybrid 
(Pglass-PS and Pglass-LDPE) systems were analyzed as well (see Figures 17b and 17c). These 
figures show that both Pglass-polymer hybrids exhibit similar four-region behavior as the 
ternary hybrids. 
Numerous authors have observed three-region flow behavior for the steady-state 
viscosity of most liquid crystalline polymers (LCP), denoting an initial shear-thinning region 
at low shear rates, a broad Newtonian plateau, and finally a second shear-thinning region 
(48,49). Guo et. al. (49) reported that the first shear-thinning transition is attributed to the 
deformation and flow of the crystalline domains, the Newtonian region is associated with 
molecular tumbling, and orientation with the shear flow, and structural breakdown 
corresponds to the final shear-thinning zone. Our hybrid system is believed to show similar 
behavior within the hybrid melt. Optical shearing micrographs confirm the fact that 
significant deformation and elongation of the Pglass phase occurs at y > 0.2 s"1 (shown in 
Section 3.3) within the primary shear-thinning region. The key apparent difference between 
the present hybrids and LCPs is that the LCPs of Guo et. al. showed a broad region II plateau 
that spanned over roughly two decades of shear rates, whereas our hybrids (binary and 
ternary) show that the secondary plateaus only exist for less than a full decade. This 
observation implies that the Pglass phase is more sensitive to shear within the polymer 
matrices than the crystalline domains within the LCP. 
Moan et. al. (26) reported a polymer blend system consisting of a polyamide 
dispersed within a polyethylene matrix compatibilized with a random terpolymer that 
exhibited similar "four-region" behavior under certain small concentrations of terpolymer. 
They attributed this unique steady shear behavior to two relaxation times that describe two 
viscosity contributions. The first relaxation time involves molecular dynamics that control 
the interfacial interactions at low shear rates, and the second relaxation time involves the 
dominance of hydrodynamics at high shear due to non-interacting particles/droplets. This 
explanation applies to our system as well, in that: (1) we can observe high ^^-dependence 
in the low shear rate regime (i.e. deformation and elongation of Pglass droplets); and (2) the 
viscosity curves begin to overlap each other at high shear rates, signifying matrix rheology 
dominance on the overall composite viscosity (i.e. deformation and orientation of polymer 
chains). 
Figure 18 summarizes observed trends in the complex viscosity, shown earlier in 
Figures 1 la and 15a, and steady shear viscosity versus Pglass volume fraction at selected 
frequencies and shear rates for both the PS-rich (Figure 18a) and LDPE-rich hybrids (Figure 
18b) studied. Again, maxima in the viscosities are noticed at 40% Pglass loading for the PS-
rich hybrids and 20% and 50% Pglass loading for the LDPE-rich hybrids. In addition, the 
steady shear rj(<f>) shows a small maximum for the PS-rich hybrids at 20% loading, that isn't 
apparent for the complex rf (0) which is observed with the LDPE-rich hybrids. This 
concentration of Pglass is roughly the same concentration as the LDPE minor phase (4>LDPE — 
24%). A slight decrease in viscosity after this volume fraction occurs because the Pglass and 
LDPE are phase inverting as the dispersed and subinclusion phases. 
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3.4. Transient Shear Rheology 
The startup flow characteristics of the Pglass hybrids were investigated in conjunction 
with the steady-shear rheology. Figures 19a and 19b represent the stress versus strain 
( Y = Y') curves of the hybrids at a constant shear rate of 0.2 s'1 for a period of time /. Both 
graphs show that in the polymer blend systems, very little stress variation occurs. In other 
words, the polymers respond to the onset of flow and approach steady-state blend 
morphologies relatively quickly. Once the Pglass was added into the polymer matrices, stress 
overshoots and minor subsequent undershoots appeared at low strains followed by oscillatory 
stress behavior at moderate to high strains. The initial stress overshoot is the maximum stress 
required to break up or deform the Pglass droplets dispersed in the matrix. As the 
concentration of Pglass increases the size of the overshoot grows as well. This observation is 
attributed to the increased stress requirement to induce deformation due to the coalescence 
and growth of the Pglass droplets upon further addition of the Pglass component. At Pglass 
concentrations <f> < 30%. a steady-state shear stress is achieved. At <f> pgiaSs> 30%. the Pglass 
shear-induced crystallization dominates, preventing any steady-state microstructure from 
forming. 
In order to investigate the effect of shear rate on the transient behavior of the hybrids, 
subsequent measurements were made at a shear rate of 1.0 s*1 for the 30% Pglass PS-rich and 
LDPE-rich hybrids. Figures 20a and 20b show a larger, more pronounced stress overshoot 
for both the PS-rich and LDPE-rich hybrids at 1.0 s'1 than at 0.2 s"1. A shift to low strain 
positions for the stress overshoot maxima occurred for the PS-rich ( 1.38 to 1.24 s.u.) and 
LDPE-rich hybrids (2.91 to 2.81 s.u) as the shear rate was increased. The more pronounced 
overshoots are seen for the high y because the droplets are deforming and elongating faster 
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thus reducing the stress more quickly than at a low y. It is also clear from the figures that 
more erratic oscillations in the stress are observed than the ones present at the low shear rate. 
This can be attributed to the crystallization of the Pglass under shear. Apparently, the 
crystallization growth increases with the magnitude of the applied shear. The role of this 
shear-induced crystallization behavior of the present hybrids is under investigation, results of 
which will be published elsewhere. 
3.5. Morphological Analysis 
Micrographs of quiescent (unsheared) samples are shown earlier in Figure 4. along 
with the ternary diagram, for various PS-rich and LDPE-rich Pglass hybrids, respectively. 
Using the optical shearing cell, we were able to observe direct, real-time structural evolution 
of the Pglass within the polymer matrices. Figure 21 shows the deformation under low strains 
of the LDPE droplets at 30% [(a) - (c)] and Pglass droplets at 10% [(d) - (f)] within the PS 
matrix. One can see that the LDPE and Pglass deform quite readily at the onset of startup 
flow. The LDPE droplets deform under action of the shear even though k* > 1 (see Figures 
1 lc and 15c). The Pglass phase also deforms and tends to coalesce with neighboring 
elongating Pglass droplets to ultimately form very large, ellipsoidal droplets. In conjunction 
with the transient shear data (Figure 19a), the optical micrographs show that a steady-state 
morphology is reached for both the polymer blend and 10% Pglass-PS hybrid analyzed after 
about 20 strain units. Figures 21c and 21 f depict strains of 20 and 15 s.u.. respectively. 
The coupling of phase separation with chemical interactions can lead to the unusual 
pattern formation observed in the Pglass-polymer hybrids like others have reported for the 
binary mixtures containing homopolymers (50-52) and block copolymers (53). These 
structures may represent non-equilibrium morphologies that are frozen at some stage of 
phase segregation, where mobility of the Pglass and polymer becomes so small that the 
hybrid system cannot attain equilibrium within the processing time scale. Clearly, there is a 
need for studies aimed at a detailed understanding of the kinetics of phase segregation in 
these advanced hybrid material systems, especially in the dilute region of the Pglass 
concentrations lower than those reported in this article (i.e. <f>pgiass < 10%). These studies are 
currently in progress in the research laboratory. 
4. Conclusions 
A detailed study is reported of the rheological and morphological behavior of ternary 
blends of PS-rich and LDPE-rich with a low Tg Pglass as the dispersed phase to yield Pglass-
PS-LDPE hybrids with interesting properties and evolution of microstructures. Thermal 
analysis, optical microscopy, and SEM of the pure components and of various binary blends 
of the three hybrid components show essentially that all of the materials are immiscible with 
each other. However, evidence of single 7g's for binary hybrids of the Pglass in PS and 
preferential dispersion throughout the polymer phase suggest a possible partial miscibility or 
a tendency towards a degree of phase homogeneity. 
From complex and steady shear analyses, an obvious Pglass ^-dependence on the 
viscosity and dynamic moduli was identified. For the PS-rich and LDPE-rich hybrids, phase 
inversions were discovered to be at the Pglass concentrations of 40%. and 20% and 50%. 
respectively. Strong shear-thinning behavior is observed for the hybrids due to the non-
Newtonian nature of the polymers and the deformability of the Pglass phase within the 
matrix. Temperature dependence of the highly loaded Pglass hybrids revealed a sharp T-
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dependence in the complex viscosity at high temperatures ( T >  240°C). A proportional 
growth of G ' and G " of the PS-rich hybrids was observed with the addition of Pglass to the 
matrix. Both PS- and LDPE-rich hybrids exhibited a crossover from G "(ai) > G (ai) to G ' 
(û>) > G "(eo) beyond a Pglass volume fraction of 30%, due to the phase inversion where the 
Pglass phase became the continuous matrix. Thermal stability tests showed evidence of 
shear-induced crystallization of the Pglass at 230°C within the polymer matrix, manifested by 
an abrupt complex viscosity growth with time. This effect, as expected, increased with Pglass 
composition. Steady shear behavior of the hybrids was analyzed and exhibited "four-region" 
behavior at low to moderate concentrations of Pglass (^giass 5 30 (vol)%). This four-region 
behavior is ascribed to the unique combination and interaction of the inorganic-organic 
hybrid materials under shear flow. Two Newtonian plateaus at low ( y < 0.1s"') and moderate 
shear rates ( 0.4 < y < 2.5 s*1) connected by two distinct shear-thinning regimes are apparent, 
drawing analogies to liquid crystalline and compatibilized polymer blend behavior. Transient 
shear rheology evinced stress overshoots (initial deformation of the Pglass droplets) for the 
Pglass-polymer hybrids followed by small undershoots and oscillatory behavior. This last 
observation is ascribed to competition between the shear-induced crystallization and 
orientation of the dispersed Pglass phase. Micrographs obtained via SEM reveal preferential 
dispersion of the Pglass-phase within the PS-phase and surrounding the LDPE-phase. and 
they confirm the phase inversion observations revealed by the rheological experiments. 
Optical shearing data and limited, preliminary x-ray diffraction data (not shown) were used 
to confirm the evolution of the Pglass microstructure under particular shear flow conditions. 
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This study will form a basis for our future modeling efforts, results of which will be reported 
elsewhere. 
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20 80 62.9 105.4 89.5 54.4 100.6 
50 50 NA 108.9 134.0 20.0 62.9 
100 0 NA NA 126.9 NA 0 
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CHAPTER 3. THE CRYSTALLIZATION KINETICS OF LOW-DENSITY 
POLYETHYLENE AND POLYPROPYLENE MELT-BLENDED 
WITH A LOW-Tg TIN-BASED PHOSPHATE GLASS 
A paper submitted to the Journal of Applied Polymer Science 
Peter C. Guschl and Joshua U. Otaigbe 
Abstract 
The nonisothermal and isothermal crystallizations of low-density polyethylene (LDPE) and 
polypropylene (PP) in phosphate glass (Pglass)-polymer hybrid blends were studied through 
differential scanning calorimetry (DSC). As the Pglass volume fraction was increased, the 
percent crystallinity decreased. The half time for crystallization dropped as the propagation 
rate constant rose, for both of the polymer matrices, with increasing Pglass concentrations. 
The Pglass was observed to be a nucleating agent for formation of 2- or 3-dimensional 
spherulites in the hybrids. Tensile modulus improved for both of the Pglass-polymer hybrids 
up to 40% Pglass, but the energy to break reduced. Tensile strength did not change with the 
addition of Pglass to the LDPE matrix. However, the tensile strength dropped as more Pglass 
was added to a PP matrix. The observed differences between tensile properties of the Pglass-
PP and Pglass-LDPE hybrids at identical Pglass volume concentration were found to be 
consistent with that of the crystallization behavior of the hybrids. 
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1. Introduction 
The addition of different polymers and additives to polymer matrices for the purposes 
of enhanced crystallization and, ultimately, structural reinforcement for material 
strengthening (1-5), plasticizing for ease of processing (6-9) and resistance to flame and 
extreme moisture absorption has been an ongoing practice within the polymer science 
community for decades. Because of the high costs of synthesizing new polymeric materials, 
attention has been directed towards modifying current thermoplastic and thermosetting 
polymers to afford inexpensive, new materials with tailored chemical structures for targeted 
industrial applications. 
A number of authors have reported studies on effects of an amorphous inclusion 
phase on the crystallization and mechanical behavior of blends of semicrystalline polymers. 
In particular, many authors have investigated the effect of atactic polystyrene (PS) on 
semicrystalline polyethylene within immiscible blends (I. 10-12). Their research concluded 
that the crystallinity of the semicrystalline matrix was typically decreased by the amorphous 
PS inclusions, resulting in polyethylene (PE) crystallite growth inhibition. Bartczak et. al. 
(11) reported that the crystallinity of PS/PE blend decreased by approximately 33% up to a 
weight fraction of 80% PS. The main reason for this decrease was attributed to hindered 
mobility of the PE polymer chains, which in turn, reduces the ability of the chains to fold and 
form ordered lamellae. 
A popular filler that is blended with commercial thermoplastics, such as 
polypropylene and polyethylene, is glass fiber (13-16). These fibers typically provide 
reinforcement of the polymer matrix, higher temperature resistance than the pure 
homopolymer (14). and improved crystallinity (15), depending upon the processing 
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conditions and the degree of adhesion between the filler and polymer phases (17). A number 
of inorganic fillers are known to be very effective nucleating agents for polymers, often 
providing regions along the particle surfaces where crystal growth (transcrystallinity) can 
occur at faster crystallization rates. These fillers typically change only the size and number of 
crystallites within the matrix and do not affect the overall nature of the crystallinity. Avalos 
et. al. (13) found that by adding short (6mm-long) E- glass fibers to blends of polypropylene 
and low-density polyethylene, the half time of crystallization decreased as compared to the 
blends without E-glass. 
With the recent reported successes (18, 19) at synthesizing chemically durable ultra-
low Tg phosphate glasses, a new class of fillers is now available that can be melt-blended 
with thermoplastic materials using conventional polymer processing techniques (20-22). The 
chemical and rheological properties of a special tin-based phosphate glass (Pglass) and its 
hybrids with polystyrene, low-density polyethylene (23), and a liquid crystalline polymer 
(24) have been previously reported. However, little to no information is available regarding 
the effect of the solid and/or molten Pglass on the crystallization behavior of semicrystalline 
polymers. Furthermore, information in the literature on the mechanical properties of the 
Pglass-polymer hybrids is relatively scanty. This manuscript describes the results of the 
crystallization behavior and mechanical properties of LDPE and PP that have been melt-
blended with one example of an ultra-low Tg phosphate glass (Pglass) to form Pglass-LDPE 
and Pglass-PP hybrids. Here the Pglass concentration dependence on the crystallization 
kinetics and tensile properties of the hybrids is emphasized. 
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2. Experimental 
2.1. Materials 
The low-density polyethylene (LDPE) grade PE 1023 was supplied by Huntsman 
Corporation. The density and melt flow index (MFI) are 0.92 g cm"3 and 2.5 g (10 min)"1 
(ASTM D 1238), respectively. Through DSC, two melting points were determined to be 
about 62.1°C and 111.7°C for the LDPE, due to the presence of two different types of 
polyethylene crystals (25). The polypropylene (PP), also provided by Huntsman Corporation, 
has a density and MFI of 0.9 g cm"3 and 12 g (10 min)"1 (ASTM D 1238). respectively. 
The low-Tg phosphate glass (Pglass) having a molar composition of 0.50 SnF% + 0.20 
SnO +• 0.30 P1O5 with an average density of 3.75 g cm"3 and a Tg of 125.7°C (found through 
DSC) was synthesized in the laboratory following the procedures reported elsewhere (22). 
The tin fluoride (SnFz) and tin oxide (SnO) were provided by Cerac Incorporated, and the 
ammonium phosphate (NH4H2PO4) was supplied by Fisher Scientific. 
The polymer samples were dried in a vacuum oven at 90°C for at least 24 hours prior 
to mixing in order to remove any moisture from the samples. Hybrids of polymer and Pglass, 
of various volume fractions of Pglass were prepared in the desired proportions and then 
mixed (or melt blended) in a Haake Rheomix 600. The samples were all mixed at 200°C at a 
rotor speed of 30 RPM for 15 minutes in order to obtain a sample that is uniformly dispersed. 
After mechanical granulation, the samples were cut to the appropriate weights for differential 
scanning calorimetry (DSC) measurements. For mechanical testing, the samples were 
subsequently compression molded at 200°C and 26 ± 2 MPa (3750 ± 250 psi) in order to 
minimize the presence of voids. 
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2.2. Differential Scanning Calorimetry 
A differential scanning calorimeter (DSC Pyris 7, Perkin-Elmer thermal analysis 
system) was used to determine the crystallization behavior of our samples. The 10.0 ± 1.0 mg 
samples were heated in a nitrogen atmosphere from 50°C to above the melting temperatures 
of the polymers and held at the respective temperatures for 5 minutes in order to eliminate 
any pre-existing crystals. The information obtained from these particular experiments 
represents the results of the nonisothermal tests performed on the samples. For the isothermal 
crystallization analyses, the samples were quenched to a particular crystallization 
temperature (Tc) and held for a certain amount of time (tc) depending on the temperature. The 
crystallization kinetics information was extracted from the raw experimental data. Finally, 
the samples were reheated above the polymer melting temperature to obtain data for 
calculating the equilibrium melting temperature (Tm°). Table I summarizes the thermal 
history described above for both Pglass-LDPE and Pglass-PP hybrids. Scanning an indium 
metal standard at 10°C min"1 was used to check the accuracy of the experiments. For the 
isothermal crystallization experiments, hybrids of 40% Pglass in both the LDPE and PP 
matrices showed no discernible crystallization exotherm in which analysis could be 
performed. 
For the nonisothermal experiments, the enthalpy of fusion. AH/, was determined 
through the Pyris software by analyzing the melting endotherm. The percent crystallinity was 
calculated from the following equation: 
%Crystallinty = AH x 100 AH° ( I )  polymer 
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AHf is the enthalpy of crystallization of 100% crystalline polymer, and (ppoiymcr is the volume 
fraction of the polymer. Equation (1) represents a normalization of the enthalpy such that the 
changes in percent crystallinity are based on the amount of polymer present within the 
particular Pglass-polymer hybrid. The onset is the beginning of the melting endotherm. and 
the width represents the difference in temperature between the end and onset of the 
endotherm. Table II summarizes the nonisothermal crystallization data for the Pglass-LDPE 
and Pglass-PP hybrids, respectively. 
2.3. Tensile Properties Testing 
In order to investigate the tensile properties of the Pglass-polymer hybrids, an Instron 
Universal Testing Machine (model 4502, Instron Corporation. Canton. MA) was used. The 
crosshead speed was 10mm min*1. Dog bone-shaped specimens (ASTM D 638M - 91a) were 
compression-molded and used for these experiments at room temperature. Five to seven 
specimens were prepared for each sample, and the averages and standard deviations of the 
data obtained were calculated for each sample. The modulus, energy to break, and tensile 
strength as functions of Pglass content were determined following standard procedures. 
2.4. Microscopy 
Thin-film specimens of the samples of 150 to 300 microns in thickness were prepared 
through the use of a hot stage and microscope slides for the purpose of analyzing the 
crystallite morphology via optical microscopy. Small, granulated pieces of the samples (~ 
15±5 mg) were placed in between glass slides and were allowed to melt on the hot stage. 
Placing the sandwiched samples between the glass slides into cold water quenched the film 
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sufficiently to be separated from the slides and handled in the subsequent experiments. An 
optical shearing system (Linkham Cambridge Shearing System CSS 450) was used to heat 
and cool the hybrid films of the Pglass-polymer system being studied. An optical microscope 
(equipped with polarized light filters) connected to a CCD camera allowed real-time pictures 
to be generated, showing the evolution of crystalline morphologies of the polymer matrices. 
The temperature scan procedures adopted in the optical microscopy experiments were 
repeated for the DSC isothermal crystallization analyses in order to develop micrographs of 
the crystalline morphology for valid comparison to the thermal analysis data. 
Scanning electron micrographs of the samples were obtained using a Hitachi S-
2460N VP-SEM. These micrographs were created under a beam current of 0.5 nA. a 25 mm 
working distance, a 40 Pa (0.3 torr) helium atmosphere and an accelerated voltage of 20kV. 
The samples examined were compression molded, as discussed previously, and fractured 
after tensile testing, exposing the surface to be viewed. 
3. Results and Discussion 
3.1. Nonisothermal Crystallization Behavior 
3.1.1. Pglass-LDPE Hybrids 
For the nonisothermal studies, the Pglass-LDPE hybrids of Pglass concentrations 0, I, 
5, 10, 20, 30 and 40% (vol.) were scanned. Table II shows the numerical results of the 
temperature scans, and Figure la illustrates the melting temperature endotherms for each 
hybrid. It is evident from the data that the Pglass has an effect on the crystallization of the 
LDPE. The melting temperature of the Pglass-LDPE hybrids does not appear to change as 
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observed in a previous manuscript (23). Other authors have suggested that a zero shift in 
melting temperature implies incompatibility between the components (4). 
The heat of fusion and the percent crystallinity decrease significantly with the 
addition of Pglass to the matrix. This observation suggests that the presence of the Pglass 
inhibits crystallite formation beyond a particular concentration. Almost half of the percent 
crystallinity of the pure LDPE (-17%) is obtained at about a Pglass concentration of 21% (52 
wt.%). Essentially, a linear relationship (not shown) exists between the percent crystallinity 
and the Pglass content with a slope of about -0.67 (R2 = 0.97) at concentrations less than 
30%. Presumably, at Pglass volume fractions higher than 40%, the effect of the Pglass on the 
crystallization of the LDPE will decrease, resulting in a gradual drop in percent crystallinity 
until the system is 100% pure Pglass. A decrease in crystallinity of semicrystalline poly 
(phenylene sulfide) (PPS) filled with glass fibers has been reported by Jog and Nadkarni 
(26). Their explanation for the phenomenon is that the mobility of PPS chains is lessened due 
to the glass fiber fillers. Other authors have noticed that, depending on the polymer matrix: 
glass fibers actually increase the crystallinity. They attributed this increase in crystallinity to 
transcrystallinity of certain polymer crystallites along the surface of the fiber (14. 15). 
The onset of the melting endotherm shows a gradual rise as the addition of Pglass 
increases (Table II). A rise in onset temperature has been attributed to a growth in the 
crystallite size (27). Basically, the larger the crystal is, then the higher the temperature 
becomes in order to melt the crystal, as seen earlier in the slight growth of the melting 
temperature. The width of the melt endotherm appears to generally decrease as more Pglass 
is added. This observation can be explained as a narrowing of the crystallite size distribution 
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(27). So, we are noticing the generation of a narrow distribution of larger crystallites when 
Pglass is present in the LDPE matrix than with the pure LDPE matrix. 
3.1.2. Pglass-PP Hybrids 
One should first note that a distinct difference between the Pglass-PP and Pglass-
LDPE hybrids is the phase of the components during processing. The glass-transition 
temperature of the Pglass is higher than the melting temperature of the LDPE and lower than 
that of the PP. Hence, the LDPE crystallites are produced in the presence of a solid Pglass 
phase, and the PP crystallites are generated while the Pglass is in the molten state. 
Figure lb and Table II show the thermal behavior of the pure PP and various Pglass-
PP hybrids. Unlike the Pglass-LDPE hybrids, the Pglass-PP hybrids show a decrease in 
melting temperature as more Pglass is added. This drop is not significant (no more than 
2.9°C), but it does suggest that the molten Pglass promotes the growth of slightly smaller 
crystallites in the hybrids than in the pure PP. Denault and Vu-Khanh ( 17) reported that the 
addition of glass flakes to PP did not affect the T,„ more than l°C and also increased the onset 
temperature. 
Figure lb shows a melting peak at ~150°C that precedes the main melting peak at 
167°C. Tai et.al. (15) reported that the glass fiber used in their study induced the growth of 
the spherulite (melting point = 145- 160°C) as well as the a spherulite (melting point = 
157 — 182°C) in pure PP. Our first peak is believed to exist due to the presence of the (3 
spherulite, which disappears as Pglass is added to the system. We observe a drop in the 
percent crystallinity (or and /? spherulites) as the Pglass content increases. However, there 
does not seem to be as severe of a drop as noticed with the Pglass-LDPE hybrids. A 50% 
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decrease in percent crystallinity [akin to that observed for the Pglass-LDPE hybrids (<f>psiass -
21%)] for the Pglass-PP hybrids is shown to exist at a volume fraction of Pglass greater than 
30%. This may imply that the liquid Pglass is less of a hindrance to PP chain mobility than 
the solid Pglass phase is to the LDPE chains. 
The onset temperature decreases with increasing Pglass content (Table II). The 
molten Pglass encourages the growth of smaller PP crystallites than that of the pure PP 
matrix. The width of the melting endotherm increases, as does that of the Pglass-LDPE 
hybrids, ultimately implying that the PP crystallites are small crystallites in a narrow 
distribution in comparison to the pure PP matrix. 
3.2. Isothermal Crystallization Behavior 
In order to describe the kinetics of the crystallization behavior, the Avrami equation 
was employed, revealing the correct relationship between the degree of crystallization. X. and 
time, t (28). 
The k and n parameters are constants, where k (units of s"1) is defined as the propagation rate 
constant of the crystal, and n (dimensionless) is a number that depends upon the nucieation, 
geometry, and control of the growth process. % is defined as the time- and temperature-
dependent ratio of the crystallized mass to the original amorphous polymer mass. Avrami has 
treated intermediate heterogeneous nucieation cases in which the rate of nucieation decreases 
exponentially with time (29). Analysis of the relative crystallinity at each temperature was 
performed through the division of the area of the crystallization peak (at various times) by 
(1) 
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the value of theoretical heat of melting over the entire thermogram area, represented by 
Equation (2). 
Since this equation yields a mass fraction of crystallinity, one must convert to volume 
fraction for consistency in the use of Equation (1): 
pa and pc represent the amorphous and crystalline densities, respectively, and the subscripts 
vc and mc are the volume and mass fractions of crystallinity. respectively. Through 
application of the Avrami equation on the partially integrated heat flow changes during 
isothermal crystallization; the parameters k and n could be determined. Rearrangement of 
Equation (I) by applying a double logarithm to both sides of the equation yields a linear form 
with variables ln[- ln(l -%)] and In t and slope n and intercept n In k. Once the k and n 
parameters are known, and then the half time of the crystal growth is determined. This half 
time is the time required to obtain a relative crystallinity of 50% (X = 0.5). Applying this 
value to Equation (1) gives the following equation: 
X c (2) 
X (3) 
t ,  
k (4) 
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3.2.1. Pglass-LDPE Hybrids 
For the isothermal kinetics studies, hybrids of the Pglass concentrations 0. 1.5. 10, 
20, and 30% (vol) were tested in the temperature range of 90 to 100°C. For experiments 
performed at temperatures below 90°C, crystallization was too fast to measure accurately, 
and at above 100°C, the crystallization was too slow. However, stable thermograms were 
obtained for the following temperatures: 94, 97 and 100°C. Figure 2a shows the Pglass-
LDPE thermograms at 94°C. One can see that the Pglass affects the crystallization kinetics of 
the LDPE crystals. The minimum position of the heat flow of the thermograms is observed to 
shift to the left as more Pglass is added. The time needed for the crystallization peak to 
develop is a strong function of temperature such that at higher temperatures more 
crystallization time is required. The higher degree of thermal energy that the material 
possesses at the larger melt crystallization temperatures inhibits the crystal growth. Once 
enough energy has dissipated during the quenching and subsequent cooling, crystal growth 
increases. From these results the Avrami parameters appear to be functions of crystallization 
temperature and concentration of the secondary additive to the matrix as observed by others 
in earlier crystallization studies on polyethylenes (30-35). 
Table III shows the results of the isothermal crystallization analysis for the Pglass-
LDPE hybrids, and Figures 3a, 3b. and 3c represent the Avrami parameters and their 
dependence on Pglass content. The Avrami exponent, n. of the pure LDPE remained within 
the range of 1.64 and 2.38 for all crystallization and Pglass concentrations, suggesting 
instantaneous, heterogeneous two-directional diffusion-controlled crystallite growtli in a 
disc-like growth geometry. The addition of Pglass appears to reduce the value of the 
exponent slightly at the crystallization temperatures 94 and 97°C and increase it at Tc = 
100°C, but overall it does not seem to change very much with Pglass concentration. 
The crystallization rate constant, k, shows an increase in value with Pglass 
concentration, showing more pronounced trends at higher crystallization temperatures. The 
Pglass phase appears to be acting as a nucleating agent where more Pglass droplets in the 
system improve the rate of crystal growth of LDPE. Further evidence of a hastened 
crystallization of the LDPE phase is seen in the half time of crystallization, tm. data (Table 
III and Figure 3c). The half time behaves inversely to the rate constant in that it decreases 
with Pglass content in a more pronounced manner at higher crystallization temperatures. 
Ultimately, the Pglass causes faster crystal growth as more is added to the matrix, but it does 
not permit the formation of new LDPE crystals. Figure 4a and 4b show optical micrographs 
of the morphology of pure LDPE and a 1% Pglass-LDPE hybrid, respectively. One can see 
the profound effect of observed decreased spherulitic structure due to the addition of only 1% 
Pglass to the LDPE matrix in Figure 4b. 
3.2.2. Pglass-PP Hybrids 
The Pglass-PP hybrids of the Pglass concentrations 0, 1.5. 10.20. and 30% (vol) 
were tested in the temperature range of 120 to 135°C. Figure 2b shows an example of the 
Pglass-PP thermograms at 130°C. Clearly, considering this graph alone reveals that the 
Pglass has a more profound effect on the crystallization kinetics of PP than on LDPE. The 
position of the minimum of the exotherms can be seen to shift drastically to shorter times 
after even 1% Pglass is present within the PP matrix. Further addition leads to more shifts, 
suggesting that the Pglass is decreasing the amount of time of PP crystallization. Avalos et. 
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al. (13) reported a decrease in crystallization time, due to the addition of short glass fibers to 
blends of PP and LDPE. From the calculated Avrami parameters in Table III (see also Figure 
5a, 5b, and 5c), one can see that, as with the Pglass-LDPE hybrids, the rate constant k and 
half-time of crystallization ///? change with Pglass content. Comparing the two hybrid 
systems (Figs 3 and 5), we can see that the growth of k is more marked with the Pglass-PP 
hybrids. The key difference between the two hybrid systems studied is that this effect is 
suppressed as the crystallization temperature is increased for the Pglass-PP hybrid. The main 
observation of the data just presented is the large drop in half time of crystallization with 
Pglass concentration, as noted by the shift in the minimum position of the isothermal 
exotherms. As for the LDPE matrix, the Pglass is acting as a nucleating agent that permits PP 
crystal growth in the Pglass-PP hybrid. The marked difference in crystal growth rates 
between the Pglass-polymer hybrids may be due to the phase of the Pglass. The molten PP 
droplets could promote interfacial crystal growth due to the presence of a liquid interface as 
crystals are being formed. This very large interface can be expected to provide sites for 
numerous covalent bonds or other compatibilization between phases, enhancing stiffness and 
strength of the Pglass-PP hybrid more than that of the Pglass-LDPE hybrid at identical Pglass 
volume fraction as will be shown later. 
The variation of the Avrami exponent n with Pglass content suggests the type of 
crystal nucleation and growth discussed above for the Pglass-PP hybrids. The exponent 
appears to fall within the range of 3.0 <n< 4.0 at all three crystallization temperatures and 
Pglass compositions (Table III), signifying homogeneous, three-dimensional, interface-
controlled growth. Figure 6a and 6b show the spherulite growth for pure PP and for a 1% 
Pglass-PP hybrid, respectively. Figure 6b reveals that crystals are growing at and around the 
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Pglass interface. An enlargement of one of the Pglass droplets with PP crystals in the 
interface is shown in Figure 6c, confirming the presence of spherical crystallites. 
3.3. Equilibrium Melting Temperature 
The equilibrium melting temperature (Tm°) was determined through DSC analysis 
with the pure polymers and hybrids for both Pglass-polymer systems. After the thermal 
history described in Table I was performed on the samples, the melting temperature was 
determined after Step 5. The Tm was plotted against the respective Tc utilized in the heating 
sequence. The plot was fitted to a line (Equation 5) (30), where 7is the lamellar thickness, 
which was then extrapolated to another line of the form Tm = Tc. 
T = T 1 1 , + -TC (5) 
Y 
The intersection point of the two lines represents the equilibrium melting point or the melting 
temperature at which an infinitely thick crystal of that polymer would melt (7,„ = Tm°). 
Figures 7a and 7b show the results of this analysis for both the Pglass-LDPE and Pglass-PP 
hybrids, respectively. The calorimetry analysis showed two equilibrium temperatures for 
most of the Pglass-polymer hybrids of both types, giving rise to T,„i (/? spherulites) and T,„2 
(or spherulites) in the figures. Tmj is the most prominent melting peak and is present in each 
of the thermograms. 
With the exception of the Pglass-LDPE data points at 1% Pglass and 40% Pglass (see 
Figure 7a), all Tm° points seem to follow a linear trend with Pglass concentration (solid black 
line) with a small, negative slope. The slight drop in value with Pglass content is minimal, 
yielding a relatively constant value of 155 ± 5°C between 0 and 30% Pglass. This 
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information is consistent with the reported research of Wang et. al. (36). Their analysis of 
statistical polymers of ethylene/hexane (PEH) and ethylene/butylene (PEB) showed that 
when plotting the phase diagram of the system (temperature vs. PEH content), a region of 
relatively no change in equilibrium melting temperature was observed. This region was 
within the spinodal and extended to the binodal curve of the phase diagram, signifying 
immiscibility of the components within that temperature-composition range. We can make 
similar conclusions regarding our system of Pglass and LDPE between the Pglass 
concentration range of 0 - 30%. The abrupt rise in Tm° after 40% (volume fraction) was 
similarly displayed by Wang et. al. (36) at PEH concentrations greater than 70% (mass 
fraction). This rise is attributed to single-phase behavior outside of the binodal region. Thus, 
under the same reasoning we may speculate that at or around <pp^ass > 30% a miscibility 
region may exist. However, no solid conclusion can be made until further experimentation is 
performed. We have shown via scanning electron and hot-stage optical microscopy that 
ternary blends of Pglass-PS-LDPE at the same volume fraction of Pglass exhibit visible 
phase separation with a distinct interface between large domains of polymer and Pglass at 
room temperature and melt temperatures of the components (23). 
Figure 7b shows the equilibrium melting behavior of the Pglass-PP systems. The data 
increases slightly with Pglass content, but again we can regard it as relatively constant 
(182°C) since the uncertainty is roughly 3°C for Tm2. No abrupt changes were observed at any 
particular concentrations. Based on these results we can conjecture that at Pglass volume 
fractions within the range of 0 — 30% a regime exists where the phases are immiscible. Work 
is in progress in our research group to better understand the phase behavior of these and other 
Pglass-polymer systems in order to draw more concrete conclusions. 
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3.4. Mechanical Properties 
In order to gain a better understanding of the effect the Pglass on the crystallinitv of 
the polymer matrices encapsulating the Pglass phase, tensile mechanical tests were 
performed on the hybrids. Figures 8a, 8b and Table IV show the behavior of the modulus and 
energy to break versus Pglass volume fraction for the Pglass-LDPE and Pglass-PP hybrids, 
respectively. An exponential rise in modulus is observed for the Pglass-LDPE systems in 
conjunction with an inverse exponential relationship with the energy to break. This implies 
that the Pglass phase melt-blended with the LDPE improves the modulus by increasing the 
stiffness of the material. However, as a tradeoff to this characteristic observation, the hybrids 
appear to become more breakable or brittle. The Pglass-PP hybrids showed a more linear 
trend between tensile modulus and Pglass content while still showing a more severe drop in 
energy to break than the Pglass-LDPE hybrids. 
These observations can be rationalized in that the Pglass is acting as a reinforcing 
agent in the hybrid, and the pure Pglass is known to be quite susceptible to break, as are most 
phosphate glasses at room temperature (37). Young and Baird (20) performed mechanical 
tests on injection-molded hybrids of a zinc-based melt-processable phosphate glass in poly 
(ether ether ketone) (PEEK) and poly (ether imide) (PEI). They reported that along both the 
flow and transverse directions, the modulus increased and percent elongation (elongation to 
break) decreased with Pglass content for both the PEI and PEEK systems. It is important to 
note that we compression molded our specimens, whereas the authors just mentioned used 
injection molded specimens. 
In addition to the tensile modulus and energy to break, the tensile strength was 
calculated for the Pglass-LDPE and Pglass-PP hybrids (see Figure 9). The Pglass-LDPE 
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hybrids show no significant change in value in comparison to the pure LDPE. The Pglass-PP 
hybrids reveal an almost linear decrease in tensile strength with Pglass content. Young and 
Baird (20) also noted a drop in tensile strength with their Pglass-PEI and Pglass-PEEK 
systems. They attributed it to the addition of a lower tensile strength material (-2O MPa) to a 
stronger matrix (typically 100 MPa for neat PEI). We did not measure the tensile properties 
of the pure Pglass due to difficulties and inconsistencies that would arise due to the 
relatively, extremely brittle nature of the pure glass. It is noteworthy that the magnitude of 
the modulus and tensile strength of the Pglass-PP hybrid are higher than that of the Pglass-
LDPE. This observation is remarkably consistent with the differences in the crystallization 
behavior of the PP and LDPE in the hybrids already discussed. 
We attribute the differences in the mechanical properties of the Pglass-polymer 
hybrid systems studied primarily to differences in the adhesion or interfacial conditions 
between the hybrid components. Figures 10a and 10b show SEM micrographs of the 
fractured surface of 10% Pglass-loaded hybrids of LDPE and PP as the matrices. 
respectively. From these figures, one can see smooth, regular, spherical Pglass droplets 
dispersed within the polymer matrices. According to Bartczak, et. al. (1). these characteristics 
depict incompatible systems, whereas smaller, more irregularly-shaped droplets that may be 
difficult to distinguish with the continuous phase would signify compatibilized blends. The 
LDPE matrix seems to encapsulate the Pglass phase better than the PP phase. This can be 
noted by the "holes" left behind after the tensile test fractured the specimen. These holes are 
not as visible for the Pglass-LDPE system. Further information regarding adhesion and 
compatibility of these hybrid systems will be reported in a future manuscript. 
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4. Conclusions 
This study shows that the crystallization behavior of semicrystalline polymers. LDPE 
and PP was significantly changed due to the presence of an inorganic phosphate glass 
(Pglass). Nonisothermal crystallization studies reveal that the solid Pglass phase induces the 
formation of a narrow distribution of larger crystallites for the Pglass-LDPE hybrids and a 
narrow distribution of small crystallites in the Pglass-PP hybrids. It was also observed that 
the Pglass acted as a nucleation agent, initiating faster crystallization by reducing the half 
time and increasing the crystallization rate at increased volume fractions. The Avrami index. 
n, did not appear to change significantly for the Pglass-LDPE hybrids, but a rise in value was 
observed with the Pglass-PP hybrids. This rise in the Avrami index is attributed to a change 
in growth geometry from two-directional to three-dimensional spherulites. confirmed by 
optical microscopy and differential scanning calorimetry experiments. The equilibrium 
melting temperature was observed to remain relatively constant between the 0 to 30% Pglass 
loading range for both hybrids, suggesting immiscibility between the Pglass and polymer 
phases at these compositions and temperatures. An abrupt rise in equilibrium melting 
temperature at 40% Pglass for the Pglass-LDPE hybrid may signify a miscibility region. 
Mechanical tensile tests showed a rise in tensile (Young's) modulus with increasing Pglass 
volume concentration for both the Pglass-polymer systems with a more pronounced increase 
for the Pglass-LDPE system. Further, a drop in energy to break was observed for both hybrid 
systems especially at high Pglass concentrations. This was attributed to the addition of a 
brittle material to the polymer matrix. The tensile strength behaved differently for both 
systems, manifesting a slight rise in value for Pglass-LDPE hybrids at volume fractions 
between 20 and 30% and a significant drop in strength for the Pglass-PP hybrids. SEM 
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micrographs suggest that the adhesion between the Pglass and PP is poor, thus explaining the 
large drops in energy to break and tensile strength in comparison to the Pglass-LDPE 
hybrids. 
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Table I. Differential scanning crystallization method. 
Step Pglass-LDPE Samples Pglass-PP Samples 
1 Heat to 160°C (10°C/min) Heat to 185°C (10°C/min) 
2 Hold for 5 minutes Hold for 5 minutes 
3 
Cool to 
Tc= 90', 92% 94, 97 and 100°C 
(50 °C/min) 
Cool to 
Tc= 120*. 123*. 125. 130 and 
135°C 
(50°C/min) 
4 Hold for tc = 20, 20.20, 30 and 40 minutes 
Hold for 
tc = 20, 40.60. 80 and 100 minutes 
5 Heat to 160°C (5°C/min) Heat to 185°C (5°C/min) 
* Extra tests were performed for the equilibrium melting temperature calculations 
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Table II. Nonisothermal crystallization from DSC measurements on Pglass-LDPE and Pglass-PP hybrids 
Pglass-LDPE 
Pglass Tm Hf Percent Onset Width 
(%) (C) (J/g) Crystallinity (%) (C) (C) 
0 106.60 97.13 34.44 53.15 67.21 
1 108.10 93.43 33.47 53.48 68.32 
5 106.64 77.99 29.11 53.28 66.75 
10 107.62 63.44 25.00 55.85 64.21 
20 107.32 42.02 18.62 58.34 62.33 
30 107.90 28.79 14.58 67.14 56.55 
40 106.04 15.94 9.42 73.03 43.28 
Pglass-PP 
Pglass Tm Hf Percent Onset Width 
(%) (C) (J/g) Crystallinity (%) (C) (C) 
0 166.68 85.53 40.92 108.90 87.50 
1 166.46 88.60 43.82 97.28 80.00 
5 163.77 77.45 39.01 91.50 68.25 
10 166.81 67.11 35.68 88.91 70.63 
20 165.47 48.05 28.74 92.11 62.94 
30 164.81 33.79 23.10 89.54 49.50 
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Table III. Isothermal crystallization kinetic parameters from DSC measurements on Pglass-LDPE and 
Pglass-PP hybrids 
Pglass-LDPE 
Tc = 94C Tr = 97C Tr = 100C 
Pglass(%) n k 
(s'1) 
t|/Z 
(min) 
n k 
($') 
t|/2 
(min) 
n k 
(s1) 
ti/i 
(min) 
0 2.38 0.445 1.93 1.90 0.185 4.46 1.64 0.075 10.69 
1 2.31 0.441 1.94 1.92 0.187 4.42 1.56 0.068 11.62 
5 2.35 0.468 1.83 1.80 0.179 4.56 1.89 0.101 8.20 
10 2.03 0.460 1.81 1.84 0.211 3.89 1.64 0.084 9.48 
20 2.27 0.433 1.96 1.95 0.225 3.68 2.12 0.104 8.04 
30 2.27 0.460 1.85 1.42 0.194 3.99 2.23 0.126 6.74 
Pglass-PP 
Tr = 125C T, = 130C Tc = 135C 
Pglass(%) n k 
(s'1) (min) 
n k 
($') 
tl/2 
(min) 
n k 
(s1) 
t|/2 
(min) 
0 3.30 0.116 7.70 2.99 0.058 15.32 3.00 0.018 48.80 
1 4.08 0.210 4.36 3.57 0.097 9.32 3.28 0.025 35.64 
5 4.50 0.440 2.10 3.98 0.226 4.03 4.18 0.046 20.12 
10 4.40 0.440 2.09 3.79 0.224 4.06 3.52 0.078 11.62 
20 4.47 0.412 2.24 3.82 0.201 4.51 3.62 0.090 10.03 
30 4.43 0.423 2.18 3.84 0.196 4.64 3.72 0.077 11.76 
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Table IV. Mechanical properties from tensile stress measurements on Pglass-LDPE and Pglass-PP 
hybrids 
Pglass-LDPE 
Pglass (%) Modulus Tensile Strength Energy to Break 
(MPa) (MPa) (J) 
0 50.4 ±12.18 8.1 ±0.46 39.3 ±2.20 
10 62.8 ± 13.38 7.0 ± 1.15 14.0 ±9.95 
20 122.2 ±11.66 8.3 ± 0.69 3.6 ±1.17 
30 316.5 ±79.59 10.0 ±1.11 1.2 ±0.52 
40 619.9 ±73.78 7.2 ±3.04 0.3 ±0.04 
Pglass-PP 
Pglass (%) Modulus Tensile Strength Energy to Break 
(MPa) (MPa) (J) 
0 543.2 ±64.3 27.7 ±2.01 39.34 ± 2.20 
10 850.7 ±97.1 17.6 ± 1.96 20.10 ± 13.3 
20 1120.6 ±135.9 16.5 ±1.42 3.59 ± 1.17 
30 1092.8 ±42 J 12.8 ±1.30 0.79 ±0.17 
40 1440.8 ±74.4 9.9 ± 1.88 0.13 ±0.16 
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CHAPTER 4. PHASE BEHAVIOR OF INORGANIC GLASS-ORGANIC POLYMER 
HYBRID MATERIALS 
A paper to be submitted to the Journal of Polymer Science: Part B: Polymer Physics Edition 
Peter C. Guschl and Joshua U. Otaigbe 
Abstract 
The phase behavior of novel, binary organic-inorganic hybrids consisting of a tin-
based phosphate glass (Pglass) and polystyrene (PS), low-density polyethylene (LDPE). and 
polypropylene (PP) was investigated. Dynamic mechanical analysis (DMA) revealed that the 
glass transition peaks of the PS, LDPE, and PP changed slightly with Pglass concentration, 
leading to a broad peak at the phase inversion point. The phase inversion and degree of 
continuity of the hybrids were studied through solvent dissolution, optical/scanning electron 
microscopy, and dynamic rheology. The Jordhamo and Utracki viscosity ratio models offered 
estimates of the inversion points of each hybrid studied. Torque rheometry revealed a trend 
to linear additivity within the temperature range 200 - 230°C. Small-angle neutron 
diffraction experiments gave further evidence of the hybrid phase incompatibility. Maleic 
anhydride grafted polymers were used in order to produce compatibilized Pglass-LDPE and 
Pglass-PP hybrids. DMA, tensile tests, dynamic rheology. and SEM micrographs confirmed 
compatibilization of the hybrid components. The compatibilized Pglass-LDPE hybrids had 
larger tensile modulus values than the uncompatibilized Pglass-LDPE hybrids, and the 
compatibilized Pglass-PP hybrids showed little change with compatibilizer content. 
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1. Introduction 
Key factors that affect the final properties of immiscible polymer blends, hybrids and 
multiphase systems are the phase inversion and continuity, because of their inherent control 
over the overall morphology (1,2). The morphology of immiscible polymer blends arises 
during mixing and is affected by the processing conditions, physiochemical interactions, and 
the interfacial tension and viscosity ratio between the components (3). Understanding the 
effects of the blending conditions and phase compositions on the overall morphology permits 
its manipulation thus leading to uniquely tailored materials. 
Compatibilization of immiscible polymer blends (4-7). which incorporates a small 
amount of a homopolymer or a copolymer (~ 1 - 10 wt%) that is miscible with both 
components, is a solution to problems that typically arise with immiscible systems, such as. 
poor adhesion and interaction between the phases, large, polydispersed inclusions and. 
ultimately, poor mechanical properties. Many authors have successfully compatibilized 
polyethylene and polypropylene composites comprised of glass fibers or beads with 
functionalized polymers with maleic anhydride (MAH) (8, 9). The enhanced adhesion 
between the glass and polymer phases, reported by these authors, can be attributed to 
reactivity of the carboxylic groups of the MAH with the hydroxyls of the glass in addition to 
the compatibility of the maleated polymer with the main polymer phase. 
The concept of adding low-7g phosphate glasses to polymeric systems has received 
limited academic and industrial attention over the past decade or so (10-17). A portion of this 
research has presented information on the chemistry and molecular dynamics (18. 19) and 
rheology and thermal properties (20) of a special low Tg tin-based phosphate glass and 
material characterization of hybrids consisting of the glass and a number of thermoplastic 
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polymer matrices developed by the Polymers & Composites Research Group at Iowa State 
University (20-22). Our prior research in this area has specifically focused on the 
thermodynamics and behavior of this tin-based phosphate glass with low density 
polyethylene, polystyrene and polypropylene in order to investigate the possible fabrication 
of unique inorganic-organic hybrids comprised of commercially available plastics produced 
via conventional polymer processing techniques. In this manuscript, we describe studies 
aimed at investigating polymer-phosphate glass hybrids in addition to the compatibilization 
effect of maleated polyethylene and polypropylene on these hybrid systems. 
2. Experimental 
2.1. Materials 
The low-density polyethylene (LDPE) grade PE 1023 and polypropylene (PP) were 
obtained from Huntsman Corporation. Dow Chemical Company supplied the polystyrene 
(PS) grade — Styron 666D. and Eastman Chemical Corporation provided the maleic 
anhydride-grafted polyethylene and polypropylene, Epolene C-16 (mPE) and Epolene G-
3003 (mPP), respectively. 
The low-rg phosphate glass (Pglass) having a molar composition of 0.50 SnFi + 0.20 
SnO + 0.30 PiOs was synthesized in our laboratory following the procedures reported 
elsewhere (23). The tin fluoride (SnFi) and tin oxide (SnO) were provided by Cerac 
Incorporated, and the ammonium phosphate (NH4H2PO4) was supplied by Fisher Scientific. 
Some of the properties of these materials are found in Table I. 
The polymer samples were dried in a vacuum oven (Model 5861 ) at 90°C for at least 
24 hours prior to mixing in order to remove any moisture from the samples. Hybrids of 
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polymer and Pglass, of various volume fractions of Pglass were prepared in the desired 
proportions and then mixed (or melt blended) in a Haake Rheomix 600. The samples were 
all mixed at 200°C at a rotor speed of 30 RPM for 15 minutes in order to obtain samples that 
are uniformly dispersed. Compression-molded specimens of the Pglass-LDPE hybrids were 
prepared at 190°C at 20,000 psi (138.000 kPa), whereas the Pglass-PS and Pglass-PP hybrids 
were subjected to a temperature of 205°C at the same pressure. All the hybrids were molded 
for 20 minutes and subsequently cooled to room temperature. 
2.2. Dynamic Mechanical Analysis 
A Perkin Elmer DMA spectrometer (DMA 7e) in the 3-point bending configuration 
was used for the three Pglass-polymer systems. The Pglass-LDPE and Pglass-LDPE-mPE 
samples were heated at 5°C min"1 from -150 to 150°C at a frequency of 10 Hz. The Pglass-
PS samples were heated at 5°C min'1 from 50 to 150°C at a frequency of 1 Hz. Finally, the 
Pglass-PP and Pglass-PP-mPP samples were heated at 5°C min"1 from -30 to 150°C at a 
frequency of 5 Hz. The storage. E '. and loss, E ' moduli were determined from these 
experiments. Glass transition temperatures were estimated from the temperatures 
corresponding to the loss modulus maxima. Each run was performed in triplicate. 
2.3. Mixing and Torque Rheometry 
Each sample was mixed at three temperatures of 170, 200. and 230°C at a rotor speed 
of 30 RPM for 15 minutes, and. then, the minimum (steady-state) torque value was recorded. 
These data are shown in torque versus Pglass concentration plots shown later in this 
manuscript. 
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2.4. Dynamic Shear Rheology 
Through use of the Advanced Rheometric Expansion System (ARES. Rheometric 
Scientific) dynamic shear testing was performed on the Pglass-polymer hybrids and their 
constituents between two stainless steel parallel plates. Each experiment was performed 
within a nitrogen atmosphere to eliminate oxidative effects in air. The dynamic tests 
consisted of frequency sweeps within the linear viscoelastic regime for the oscillatory 
deformation mode, as done in earlier experiments (21). Every sample was tested at a strain of 
0.5% for trend comparison at 170. 200. and 230°C within the frequency range of 0.05 to 100 
rad s"1. 
2.5. Tensile Tests 
In order to investigate the tensile properties of the Pglass-polymer hybrids, an Instron 
Universal Testing Machine (model 4502. Instron Corporation, Canton. MA) was used. The 
crosshead speed was 10mm min"1. Dog bone-shaped specimens (ASTM D 638M - 91a) were 
compression-molded as already described and used for these experiments at room 
temperature. Five to seven specimens were prepared for each sample, and the average and 
standard deviation were calculated for each sample. The modulus, energy to break, and 
tensile strength were determined as functions Pglass content through the Instron software. 
2.6. Scanning Electron Microscopy and Image Analysis 
Scanning electron micrographs were obtained using a Hitachi S-2460N VP-SEM. 
These micrographs were obtained under a beam current of 0.5 nA. a 25 mm working 
distance, a 40 Pa (0.3 torr) helium atmosphere and an accelerated voltage of 20kV. The 
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samples examined were compression molded, as discussed previously, and either fractured 
after tensile testing or with a razor blade, exposing the surface to be viewed. 
The SEM micrographs were analyzed using the Quartz PCI Viewer software in order 
to estimate the number-average diameter of the dispersed droplet phase in the hybrids, using 
the following equation 
Ln,d, 
d
" 
= tiT 
i 
where n, is the number of droplets with diameter </, . 
2.7. Solvent Dissolution and Continuity Calculation 
The melt-blended samples were weighed and then immersed in roughly 30 mL of 
solvent for 5 days for dissolution of the polymer. The solvents and temperatures used for the 
polymers were the following: PS (THF; 25°C), LDPE (toluene: 95°C). and PP (xylene: 
140°C). Each sample was dissolved in separate containers. The samples were dried at room 
temperature for 2 days and then weighed. The continuity of the polymer is defined as the 
weight of polymer initially present minus the calculated weight of residual polymer after 
extraction divided by the initial weight of polymer (1). Continuity plots also reveal collected 
information from SEM and viscometric data, showing phase inversion ranges. Because we 
did not determine the specific phase inversion point for any of the Pglass-polymer systems, a 
range of volume fraction is shown. 
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2.8. Small-Angle Neutron Scattering (SANS) 
Neutron diffraction experiments were performed at Argonne National Laboratory, 
using the SAND diffractor at room temperature. The Pglass-polymer specimens tested were 
prepared in a Microinjector™ (Daca Instruments) with the rectangular bar (20mm x 5mm x 
1mm) stainless steel mold at melt temperatures between 200 and 250°C and mold 
temperatures between 25 and 150°C. The melt and mold temperatures required varied with 
the amount of Pglass present in the sample. The more Pglass present, the higher the 
temperatures needed to produce a satisfactory specimen for testing. 
3. Results and Discussion 
3.1. Dynamic Mechanical Analysis 
The temperature dependence of the dynamic moduli for the Pglass-LDPE hybrids is 
displayed in Figure la (f) and lb (£"). It is apparent that the storage modulus is enhanced 
as the Pglass volume fraction is increased. In an earlier study of the tensile properties of the 
same hybrids, the tensile modulus at room temperature was observed to increase almost 
exponentially with Pglass content (22). Figure lb shows that the pure LDPE has two distinct 
relaxation peaks, one at -123°C and the other peak at -21.7°C. The first peak is indicative of 
the glass-transition temperature, chain relaxation in the amorphous phase, whereas the 
second one is due to the relaxations of side groups or short branch points of the LDPE 
signifying the /^-transition (9). Addition of Pglass to the LDPE matrix causes both peaks to 
grow in size and shift in position. The Tg-peak decreases and then increases with Pglass 
content. This depicts an initial improvement in chain mobility followed by a hindrance due to 
the increasing Pglass domain sizes. Shifts in the /%-peak could suggest that the Pglass phase is 
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affecting the crystallization of the LDPE, since this process is related to peak position 
changes (9). With further addition of Pglass, we approach the phase inversion point, as the 
relaxation peaks of the LDPE begin to disappear, and indications of the Pglass phase arise 
(shifted Tg shown at 108.2°C). 
Figure 2 shows the data for the storage (E ) and loss (£ ' ") modulus of the Pglass-PS 
hybrids as functions of temperature. Figure 2a shows the general trend that at temperatures 
greater than the Tg of PS the storage modulus increases with Pglass content. This is evident 
of the fact that the pure Pglass appears to have a higher £ ' value than that of the pure PS. An 
earlier study on the tensile properties of the Pglass-polymer hybrids at room temperature 
supports this observation (22). The loss modulus data (see Figure 2b) represents the viscous 
damping behavior as well as the phase behavior. Again, an increase in modulus is observed 
as the Pglass concentration rises. We do see a drop, however, in E " value at volume fractions 
greater than about 30%. specifically at 50% Pglass loading. Bikiaris et. al. (9) reported that 
changes in the matrix surrounding a filler phase may hinder the molecular motion of the 
polymer chains, resulting in a decrease in relaxation. The broadening of this peak suggests a 
co-continuous morphology has developed in which the phase boundaries are becoming 
indiscrete (24). Additional discussion regarding this co-continuity around this Pglass 
concentration is given below. 
At Pglass volume fraction 50%. it is expected that the Pglass-rich hybrids would 
show a single Tg peak at or around the value of the pure Pglass just as the PS-rich hybrids 
display around that of the PS s Tg peak. No peak is detectable for the Tg of the Pglass phase 
at any of the hybrids studied. Typical immiscible systems will show two distinct peaks 
denoting the respective phases of the components. Our hybrid systems appear to behave like 
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most composites consisting of an inorganic filler within a polymer matrix. Little to no change 
in Tg suggests that the inorganic phase does not affect the chain mobility of the organic 
phase. We do, however, see a slight increase in value as our Pglass is added to the PS. 
suggesting hindered chain mobility. This has, again, been previously reported in an earlier 
manuscript as the reason the percent crystallinity of our LDPE and PP matrices decreased in 
the presence of the Pglass (22). 
The dynamic behavior of the Pglass-PP hybrids is shown in Figures 3a and 3b. Both 
figures show an increase in storage and loss moduli as the volume fraction of Pglass is 
increased. An (^-transition peak is small but noticeable for the pure PP curve around 92°C 
(25) and disappears as Pglass is added. This suggests and confirms the notion that the Pglass 
is affecting the crystallization of the PP (22). The glass-transition temperature appears to rise 
with Pglass concentration up to 20%. After this volume fraction the loss modulus curves 
show two Tg values, giving rise to the relaxation of the Pglass. The T«'s for the Pglass phase 
at 30% (81.6 °C) and 50% (109.3 °C) Pglass are shifted to the left from the pure Pglass T» 
value. This observation suggests that a degree of miscibility exists between the PP and Pglass 
phases within this concentration range. Again, as the phase inversion is approached, the loss 
modulus (Figure 3b) broadens due to the presence of co-continuity of both phases. 
3.2. Phase Continuity and Microstructure 
The phase continuity of the Pglass with the polymers was investigated by scanning 
electron microscopy and solvent extraction of the polymer phase. Dual phase continuity or 
phase inversion occurs at a particular concentration in which neither phase of an immiscible 
system is continuous. At low concentrations of one phase, dispersed droplets form within a 
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continuous matrix of the other phase. Once sufficient amounts of the minor phase are present 
within the matrix, particles enlarge and become close enough to neighboring particles to 
allow a degree of connectivity to occur. Beyond this concentration a phase inversion takes 
place, where addition of either phase would result in a continuous matrix again. Jordhamo et. 
al. (26) reported that this dual continuity concentration depends on the viscosity ratio of the 
components such that the follow condition holds: 
where rji/rj? is the viscosity ratio of phase 1 to phase 2 and <pi and (p: are the volume fractions 
of each phase. If the left hand side of Equation 2 were less than unity, then phase 1 is the 
continuous component. Conversely, phase 2 would be continuous if the equation was greater 
than unity. 
Utracki (27) proposed a model that allows for calculation of the phase inversion for 
polymer systems with viscosity ratios larger than unity. The model is derived from the 
Krieger-Dougherty equation (28) formulated from monodispersed hard-spheres suspended in 
a matrix. At the isoviscous point (77/ at <pi in phase 2 equals r]2 at % in phase 1). the 
following equation is valid. 
3 . x 2L =  I  (2) 
n2 <p, 
(3) 
This equation contains an intrinsic parameter [rjJ (Utracki designated this value as 1.9 based 
on data from thermoplastics and rubbers) and the maximum packing fraction which is 
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defined to be <pm = 1 - <pc (jpc is the critical volume fraction for percolation to occur % 0.156 
for three-dimensional spheres). 
Table II represents our experimental data for the three Pglass-polymer systems 
compared with the Jordhamo and Utracki models using both torque and viscosity ratios. The 
Jordhamo equation gave reasonable values for the phase inversion for viscosity ratios near 
unity as noticed for the Pglass-LDPE hybrids at 200 and 230°C in Table II. However, as the 
viscosity ratio deviates to higher ratios larger phase inversion concentrations are calculated. 
As will be shown later in this manuscript, these values are overestimations for each Pglass-
polymer system as compared to other experimental results that are discussed later in this 
manuscript (which suggest the phase inversion to take place within the following range: 0.4 < 
(pi < 0.6 ) obtained with our systems. One reason why discrepancies arise with this equation 
and our Pglass-polymer hybrids is due to the fact that the Jordhamo model is mainly 
applicable to viscosity/torque ratios obtained at low shear rates (3). The torque ratios for our 
hybrid systems were determined at a shear rate of roughly 180 s*1 during melt blending 
within the torque rheometer. Values of the phase inversion, which are within or around the 
expected range, were obtained once the Utracki model was compared to our data. Further 
agreement was seen at viscosity ratios (near unity) determined from ARES measurements 
obtained at a low shear rate. 
Figure 4a. 4b. and 4c show SEM micrographs of the Pglass-LDPE system as Pglass 
is added to the LDPE matrix. Figure 4a represents a concentration of 10% (31.1 wt%) Pglass, 
which falls below the percolation threshold for monodispersed. three-dimensional spheres (% 
= 0.156 for spheres) revealing a fine dispersion of Pglass droplets at a number-average 
diameter of 1.94 microns. At 30% (63.6 wt%) Pglass (see Figure 4b). the droplets have 
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definitely grown (d„ ~ 136.2 microns) and do not appear to have a spherical shape but a 
slightly elongated ellipsoidal structure. As we approach the phase inversion point, we see a 
network or co-continuous microstructure comprised of coarse amorphous domains of each 
phase. Figure 4c displays co-continuous behavior at 50% (80.3 wt%) Pglass volume loading. 
Both the Jordhamo and Utracki models show good prediction of this concentration with the 
Haake torque ratio data at 200°C that is the mixing temperature of these hybrids (see Table 
II). 
For further analysis of the continuity of the LDPE. solvent extraction of the LDPE for 
various hybrids yielded the information in Figure 5. We can see that at low concentrations of 
LDPE ((piDPE < 40%) little change is observed in the continuity, showing a gradual rise up to 
the phase inversion region. A steep acclivity in continuity results, as more LDPE is present 
beyond the phase inversion, suggesting the evolution of coarse, polydispersed domains of 
Pglass in the LDPE (see Figure 4b). Finally. 100% continuity is approached as the LDPE 
concentration nears 80%. in which the Pglass droplets become very fine monodispersed 
droplets. Possible errors for this analysis may have arisen due to dissolution of the Pglass in 
the hot toluene, thus, affecting the calculation of the LDPE continuity. Earlier work on the 
dissolution of the Pglass in water at 95°C has been documented (29), however, additional 
analysis on the effect of organic solvents upon the Pglass is a matter for future investigation. 
The Pglass-PS hybrids were evaluated in the same way as the Pglass-LDPE hybrids 
and the results obtained are shown in Figures 6a. 6b. and 6c [Pglass concentrations of 10%, 
30% and 50% (28.6, 60.7. and 78.3 wt%)]. Figure 6a shows a relatively monodispersed 
distribution of Pglass spherical droplets (d„ = 1.32 microns) within the PS matrix. As for the 
Pglass-LDPE hybrids already discussed, the Pglass droplets enlarge (d„ ~ 25.3 microns) and 
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begin to lose their spherical shape as a Pglass volume fraction of 30% is reached (Figure 6b). 
As before, the Pglass-PS hybrid with 50% Pglass loading shows a phase inversion point 
where neither the Pglass nor PS exhibits complete continuity as the major phase (see Figure 
6c). 
Figure 7 shows the continuity of PS in the Pglass-PS hybrids. The PS continuity is 
lower than 10% at PS volume fractions below the phase inversion range, implying a gradual 
evolution into a co-continuous morphology with the Pglass much like the Pglass-LDPE 
hybrids. Once the phase inversion concentration is exceeded, the continuity rises abruptly to 
a point (<pps > 70%) where fine, monodispersed Pglass droplets are suspended in the PS 
continuous matrix. 
Finally, the Pglass-PS hybrids' SEM micrographs are shown in Figures 8a, 8b. and 
8c. The 10% (31.6 wt%) Pglass-PP hybrid (Figure 8a) reveals a dispersion of spherical 
Pglass droplets with a more polydispersed distribution of larger droplets (d„ = 20.9 microns) 
than the other hybrids already discussed at this Pglass concentration. In addition to the larger 
size, it is apparent that most of the Pglass droplets are spherical, with some having a slightly 
elongated structure, suggesting that continuity of the PP is decreasing before the expected 
percolation concentration of 15.6%. Figure 8b shows that the addition of more Pglass up to 
30% (64.1 wt%) exhibits larger polydispersed Pglass droplets of spherical and elliptical 
shapes than that of the 10% Pglass-PP hybrids with a number-average diameter of 25.0 
microns. As the Pglass concentration approaches 50% (80.6 wt%). the Pglass-PP system 
undergoes a phase inversion before this concentration. It is evident from Figure 8c that the 
phase inversion has occurred since ellipsoidal PP droplets suspended in a Pglass matrix are 
clearly visible in Figure 8c (d„ -23.1 microns). Beyond the phase inversion region, the 
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Pglass remained in a spherical droplet form with the exception of a few elongated droplets up 
to 70% PP. 
3.3. Torque Rheometry 
To test the applicability of mixing equations in the literature to our special hybrid 
systems, we fit an empirical series model to the torque data. The equation (30) is of the form 
logMl2 = cp, logM, + q>2 logM2 + |3<p,(p2 (4) 
where M/j is the hybrid minimum torque, <p, and M are the respective volume fraction and 
torque of component i = 1,2, and /? is a cross term parameter that quantifies the deviation 
from linear log additivity (i.e. /?= 0) or complete miscibility. Roland (30) and other authors 
(31) suggest that this equation can be used as criterion for polymer miscibility depending on 
the sign of this parameter. A negative value of /? may imply blend heterogeneity or 
immiscibility, but it is believed that a larger degree of functionality is designated for the extra 
interaction term in Equation 4. Utracki (27) calls a parameter in his formulation the 
"interlayer slip factor", where the sign merely signifies the degree of slip between the 
immiscible phases, causing the viscosity or torque to decrease or increase, depending on the 
viscosities of the components. The smaller (3 becomes, and then presumably the more 
miscible the system seems to be. Table III shows the fitted values of /? for each Pglass-
polymer hybrid at 170,200. and 230°C. Each Pglass-polymer hybrid shows a rise in /3 with 
temperature while changing signs in the process. 
Figure 10 shows the minimum torque dependence on Pglass concentration for each 
hybrid. At 170°C (see Figure 10a) there is a negative deviation from additivity in mixing (i.e. 
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P < 0). As the temperature increases, the deviation appears to decrease, showing almost 
additive agreement with the Pglass-PS hybrids at a mixing temperature of 200°C. Remiro and 
Nazabal (32) supported the concept that small deviation from additivity implies miscibility. 
We believe that a more intimate degree of mixing, not miscibility. occurs between the Pglass 
and PS phases, since the dispersion of Pglass within the PS matrix has been observed to be 
preferential (21) and monodispersed (Figure 6a). 
A growth in torque due to the addition of the Pglass is evident, because at almost all 
of the temperatures the Pglass exhibits a larger viscosity than that of the polymers (viscosity 
ratios greater than unity). This means that the Pglass droplets are not deforming much at 
170°C (due to very large viscosity ratios) and begin to deform at the higher temperatures, 
giving rise to drops in torque at certain volume fractions of Pglass (specifically at 230°C). 
3.4. Viscosity-concentration Behavior 
Figures 11a. lib. and 1 lc represent the viscosity-concentration plots for the hybrids 
of Pglass-LDPE, Pglass-PS. and Pglass-PP. respectively, at the temperatures shown. It can be 
seen that positive deviation from additivity is apparent for each hybrid at all temperatures. 
According to Soontaranun et. al. (33) negative deviation (as shown for both the viscosity-
concentration and stored energy curves) implies shear-induced mixing, and positive deviation 
suggests demixing. Ultimately, this demixing implies that phase separation occurs during the 
mixing and shearing of the materials. 
These plots also give rise to additional supportiong evidence of the phase inversion 
points for the systems. We can see that the inversion concentrations are within the range of 
45% < (ppglass < 50% for the Pglass-LDPE hybrids, around (ppgiass = 40% for the Pglass-PS 
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hybrids, and 45% < (ppgiass < 55% for the Pglass-PP hybrids at all temperatures, showing little 
variation with temperature. 
3.5. Small Angle Neutron Scattering 
The diffraction results are shown in contour plot form in Figure 12. graphed as the 
scattering vector in the flow (y-direction) and shear (x- direction) directions. Figures 12a and 
12b represent the XY plots for pure PS and pure Pglass. The plot for pure PP (not shown) is 
similar to that shown in Figure 12a. These graphs show expected isotropic scattering 
behavior for substances with little or no scatterers present. Due to the hydrogen atoms 
present in the pure polymers, low-intensity scattering resulted. Since the Pglass consists of 
numerous scatterers (i.e. Sn. P. O. F. etc.), the scattering intensity "ring" is slightly more 
intense and larger than that of the pure polymers. 
Figure 12c and 12d are the XY plots of Pglass-PS hybrids at 50% and 80% Pglass. 
respectively. One can see an anisotropic structure has formed within the samples subjected to 
the SAND experiments. This is apparent due to the elliptical shape elongated along the shear 
direction in the XY plot. We attribute this phenomenon to the fact that the rectangular 
samples were subjected to deformation during their melt processing within the injection-
molding device. The specific process conditions used facilitated the deformation of the 
Pglass and PS phases. Our earlier data (see Table II. Figure 2. Figure 6c. Figure 7. and Figure 
lib) suggested that a phase inversion is occurring for the Pglass-PS hybrid at a Pglass 
volume fraction around 50%. The structure at this concentration is co-continuous and is 
comprised of large, ill-defined domains of each phase. Thus, we see a large anisotropic 
pattern during scattering. For the 80% Pglass-PS hybrid (Figure 12d) a slightly anisotropic 
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structure is observed, as well, at larger scattering intensities than the pure components. As 
already discussed, this Pglass-PS system contains dispersed PS droplets within a Pglass 
phase, giving rise to large scatterers (-1-10 microns). The anisotropic shape at 80% is not as 
pronounced for the 50% Pglass-PS hybrid case, because after the phase inversion the 
viscosity ratio became much greater than unity, leading to unfavorable viscosity ratios for 
high aspect ratio morphology (16). The PS droplets are thicker than the Pglass matrix phase 
under the processing conditions employed and should not deform significantly if the 
viscosity ratio exceeds unity. Figure 12e is the XY plot of the 80% Pglass-PP hybrid. An 
intensely anisotropic shape is apparent as for the 50% Pglass-PS hybrid (Figure 12c). This is 
observed due to the fact that the viscosity ratio between the Pglass matrix and PP droplets is 
slightly less than unity, giving rise to highly deformed PP droplets. 
The data obtained from the XY plots were used in order to construct intensity versus 
scattering vector graphs that are customary for interpretation. Triangular wedges ±15° were 
overlaid on the XY plots at 0° and 90° (as shown on Figure 12b with solid black and gray 
lines, respectively) in order to calculate the intensities in the shear and flow directions, 
respectively. Figure 13a and 13b represent these data at 0° and 90° for the Pglass-PS hybrids 
and pure components. It is evident that the pure components show intensities less than or 
equal to unity, whereas the hybrids exhibit very large scattering intensities. By comparing 
Figures 13a and 13b. one can see that the intensity in the shear direction. /(OJ. is greater 
than that in the flow direction. I(Oy). indicating that the system has elongated domains along 
the flow direction. 
Within the range of 50 < O < 300 pm"' in both the shear and flow directions, the log 
I(O) versus log O plots show a negative slope for the 50% and 80% Pglass-PS hybrids. A 
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relationship between the intensity and scattering vector exists for polymer solutions and 
polymer blends, specifying that /- O d, where d is a fractal dimension that depends on 
physical characteristics of the scatterers (i.e. mass, radius, etc.). When d equals 4. smooth 
non-fractal surfaces are present (34). Matsuzaka and Hashimoto (35) found for their 
polystyrene/polybutylene blends slopes of about -4 at low shear rates, indicating a phase-
separated system that possesses sharp interfaces. The 50% Pglass-PS hybrid shows slopes of 
-4.4 and -3.3 for the shear and flow directions, respectively, whereas the 80% Pglass-PS 
hybrid has slopes of—3.7 and —3.6. The larger slope for the shear direction is consistent with 
the elongation of the phases. Thus, these plots reinforce the conclusion that our Pglass-
polymer system is indeed a multiphase system. 
The 80% Pglass-PP hybrid exhibited similar results as the hybrids with PS as the 
polymer component. Figures 14a and 14b show the same increased scattering due to the 
multiphase system as well as the negative slopes in the directions perpendicular and parallel 
to flow, respectively, -4.5 and -4.0. The larger values, in comparison to the Pglass-PS 
hybrids, are due to the greater ease of deformation of the PP droplets in the Pglass matrix. 
By observing our hybrid system at low Q (Guinier region), we might observe a 
plateau in the intensity curve. This plateau would be indicative of a particular scattering 
component within the hybrid of a certain characteristic length. The range of O scanned in 
these experiments reveal that structures larger than 0.1 jam (-0.005 |im"' ) are present. This 
statement is consistent with our observations of large domains (co-continuity) at 50% Pglass, 
and we believe that PS droplets exist within the range of 0.1-100 gm. 
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3.6. Compatibilized Pglass-polymer hybrids 
The majority of our experiments to date suggest that our Pglass-polymer systems are 
immiscible. There is interest in improving the compatibility and ultimately the theological 
and mechanical properties of our systems. Melt blending maleated PE (mPE) and PP (mPP) 
with the Pglass-LDPE and Pglass-PP hybrids allowed compatibilization of our systems. The 
addition of the mPE and mPP to the respective hybrids did seem to affect the viscosity of the 
10% Pglass-LDPE and Pglass-PP compatibilized hybrids (see Table IV). It appears that at 
170 and 230°C the viscosity decreased due to the addition of mPE at 5%(vol) and increased 
slightly at 200°C within the accuracy of the ARES measurements. Figure 1 la showed us 
earlier the viscosity-concentration behavior of the Pglass-LDPE hybrids at 170. 200. and 
230°C. Upon viewing Figures 1 la. 1 lb. and 1 lc with the results of Table IV. we could notice 
that the mPE causes further negative deviation from additivity at the lowest temperature. This 
observation can be explained as a plasticizing effect of the mPE on the hybrid. It is thought 
that the mPE produced slip layers within the matrix, allowing a greater ease of flow than 
without its presence. The presence of the mPE at 200 and 230°C causes the viscosity-
concentration curve to approach the linear additivity line, suggesting that some 
compatibilization between the phases has occurred. Similar observations were made for the 
Pglass-PP hybrids when mPP was added to the system (see Figure 1 lc and Table IV). 
Earlier research has documented the tensile properties of the Pglass-LDPE and 
Pglass-PP hybrids (21 ). Table V shows the tensile modulus, energy to break, and tensile 
strength versus the amount of compatibilizer for the Pglass-LDPE and Pglass-PP hybrids at a 
Pglass volume fraction of 10%. A general increase in tensile modulus with mPE content was 
observed when compared to the uncompatibilized Pglass-LDPE hybrid in addition to a drop 
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in the energy to break. The compatibilized Pglass-PP hybrid's modulus appeared to drop 
slightly as well as the energy to break because of the mPP. The tensile strength of both 
compatibilized Pglass-polymer hybrids showed a little change in magnitude. The research of 
Papadopoulou and Kalfoglou reported a slight drop in tensile strength at low PP-g-MA 
concentrations followed by a gradual rise in magnitude at concentrations around 15% for 
PET/PP blends (36). Similarly, the PET/LLDPE-g-MA/PP compatibilized blends showed the 
same decrease at low LLDPE-g-MA content. These authors suggested that if the 
compatibilizer were efficient (i.e. improved mechanical properties), then it would have 
migrated to the interface between the immiscible components, creating better adhesion. 
As further indication of the effect of compatibilizer on mechanical properties. Figure 
15a and 15b show the storage moduli for various compatibilized Pglass-LDPE and Pglass-PP 
hybrids, respectively. Figure 15a shows an improvement in storage modulus as mPE is added 
to the system. However, if too much compatibilizer is added (5% or more), then the modulus 
drops off at particular temperatures (i.e. -100 - 25°C). The results shown in these figures 
concur with the data shown earlier in Table V. The storage modulus varies slightly with mPP 
and is found to be less than that of the uncompatibilized Pglass-PP hybrids. 
We did observe compatibilization from the decrease in ci„ of the dispersed Pglass 
droplets within the polymer matrices from 1.94 to 1.29 microns for the Pglass-LDPE hybrids 
and 20.9 to 3.38 microns for the Pglass-PP system (see Figure 16). Finer dispersions of the 
Pglass phase are evident in Figure 16 for the compatibilized systems. This evidence appears 
to suggest that the maleated PE and PP reduced the Pglass droplet size (and ultimately the 
interfacial tension) (36) effectively by acting as a typical compatibilizer. However, the 
mechanical properties do not appear to be significantly affected. Papadopoulou and 
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Kalfoglou also reported similar findings regarding compatibilized blends with maleated PP. 
We believe that although the phases appear to be less immiscible (i.e. lower interfacial 
tension and better dispersion of the droplets) than the uncompatibilized hybrids, the adhesion 
between the Pglass and polymer is not improved. Further, the mPE and mPP may have 
interfered with the crystallization of the LDPE and PP, respectively, in a similar manner as 
the Pglass affects the polymer crystallization, as shown in an earlier manuscript (22). causing 
the percent crystallinity to decrease as more compatibilizer is added. 
4. Conclusions 
This manuscript describes an analysis of the phase behavior and continuity between 
various Pglass-polymer hybrids of Pglass and LDPE. PS or PP. The phase inversion point 
was determined through dynamic shear rheology data and morphology of each Pglass-
polymer hybrid. The Jordhamo and Utracki models proved to be useful for approximate 
estimations for the inversion, but ultimately appeared to overpredict the value due to the use 
of viscosity and torque ratios found at high shear rates. The experimental results suggest that 
the Pglass-LDPE, Pglass-PS and Pglass-PP hybrids have phase inversion concentrations that 
exist within the ranges of 45% < cpi < 53%. 40% < <pi < 53%, and 45% < 4% < 51%, 
respectively. 
The phase behavior was investigated by way of torque rheometrv. SEM micrographs, 
solvent dissolution and dynamic mechanical analysis. Each method revealed that the Pglass 
and polymers retain a phase-separated morphology at the temperatures studied. By varying 
the conditions such as concentration of Pglass. temperature and shear rate, the viscosity ratios 
of the components changed accordingly. The minimum torque data revealed negative 
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deviation from linear additivity for all the hybrids at 170 and 200°C. whereas a change to 
positive deviation was observed at 230°C. This deviation, characterized by the P parameter of 
the modified series model, appeared to decrease with increasing temperature and change sign 
after 200°C. A p value of zero, which may denote miscibility or at least homogeneity of the 
Pglass dispersion throughout the polymer matrices (linear additivity). is expected to exist 
within the temperature range of 200 to 230°C for each system. 
Continuity plots of each polymer in the presence of the Pglass were constructed 
through dissolution of the polymer phase with an appropriate solvent. These plots along with 
SEM micrographs helped to elucidate the evolution of phases as the Pglass concentration 
increased within the systems and found to be consistent with the phase inversion data. 
DMA experiments gave rise to storage and loss modulus versus temperature curves 
with only one Tg for all Pglass-hybrids below certain Pglass volume fractions. Depending on 
the concentration of the Pglass within the polymer, the peak in the loss modulus curves 
occurred near the Tg value of the continuous phase with slightly increased value. This 
observed behavior is akin to that of polymeric systems in the presence of inorganic filler. 
Once the phase inversion point was reached, the peak broadened considerably due to a 
hindrance of molecular relaxation (chain mobility) within the co-continuous morphology. 
These Tg peaks were shifted slightly to higher temperatures (for the polymer phases) and 
lower temperatures for the Pglass. suggesting a possible miscibility between the phases 
within this concentration range. 
As an additional probe into the phase behavior of these systems, small-angle neutron 
diffraction was performed on some of the Pglass-PS and Pglass-PP samples. The information 
obtained from this experiment gave further evidence that these hybrids are two-phased 
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systems consisting of smooth domains larger than 0.1 microns embedded within the polymer 
matrices. Also, due to the processing conditions used to produce the samples for SANS 
analysis, we observed anisotropic microstructural evolution of the domains along the shear 
direction. 
To enhance the compatibility of the Pglass-LDPE and Pglass-PP hybrids, we made 
attempts to produce compatibilized inorganic-organic systems by adding maleated PE and 
PP. Complex viscosity was viewed to change due to the presence of 5%(vol) mPE and mPP 
in both systems. Each hybrid seemed to approach linear additivity shown in the viscosity-
concentration curves at each temperature. Tensile modulus improved for the compatibilized 
Pglass-LDPE hybrids with increasing mPE content, but the mPP did not appear to improve 
that of the Pglass-PP hybrids. Further, the tensile strength did not appear to change for either 
case, and the energy to break continued to decrease. Results from DMA experiments showed 
further supported the results from the tensile tests. SEM micrographs revealed smaller, finer 
distributions of particles at 10% Pglass loading from 1.94 to 1.29 microns and 20.9 to 3.38 
microns for the Pglass-LDPE and Pglass-PP hybrids, respectively. 
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List of Figures 
Figure 1. (a) Storage, £ ', and (b) loss modulus, £ ' versus temperature plots from DMA 
measurements on Pglass-LDPE hybrids 
Figure 2. (a) Storage, £ and (b) loss modulus, £ ' versus temperature plots from DMA 
measurements on Pglass-PS hybrids 
Figure 3. (a) Storage, £ and (b) loss modulus. £ ' '. versus temperature plots from DMA 
measurements on Pglass-PP hybrids 
Figure 4. SEM micrographs of Pglass-LDPE hybrids at Pglass volume fractions of (a) 10%. 
(b) 30%, and (c) 50% 
Figure 5. Continuity of LDPE as a function of the composition using the solvent dissolution 
method (a sigmoidal curve is included as a guide to the reader) 
Figure 6. SEM micrographs of Pglass-PS hybrids at Pglass volume fractions of (a) 10%. (b) 
30%. and (c) 50% 
Figure 7. Continuity of PS as a function of the composition using the solvent dissolution 
method (a sigmoidal curve is included as a guide to the reader) 
Figure 8. SEM micrographs of Pglass-PP hybrids at Pglass volume fractions of (a) 10%. (b) 
30%, and (c) 50% 
Figure 9. Continuity of PP as a function of the composition using the solvent dissolution 
method (a sigmoidal curve is included as a guide to the reader) 
Figure 10. Minimum torque versus Pglass concentration for the Pglass-polvmer hybrids at 
(a) 170. (b) 200. and 230°C (solid lines depict linear log additivity rule) 
Figure 11. TJ* at <y= 0.1 rad s"1 versus Pglass concentration at 170. 200. and 230°C for the 
(a) Pglass-LDPE. (b) Pglass-PS. and (c) Pglass-PP hybrids (solid lines depict linear log 
additivity rule) 
Figure 12. SANS plots of the scattering vector along the vertical axis (parallel to the flow 
direction) versus the scattering vector along the horizontal axis (perpendicular to the flow 
direction) for (a) PS. (b) Pglass. (c) 50% Pglass-PS. (d) 80% Pglass-PS. and (e) 80% Pglass-
PP hybrids 
Figure 13. SANS plots of the intensity versus the scattering vector for Pglass-PS hybrids at 
(a) 0° and (b) 90° with respect to the flow and shear directions 
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Figure 14. SANS plots of the intensity versus the scattering vector for Pglass-PP hybrids at 
(a) 0° and (b) 90° with respect to the flow and shear directions 
Figure 15. Storage modulus, £ versus temperature plots from DMA measurements on (a) 
Pglass-LDPE-mPE and (b) Pglass-PP-mPP hybrids 
Figure 16. SEM micrographs of a 10% Pglass-LDPE hybrid with (a) 0% mPE and (b) 5% 
mPE, and a 10% Pglass-PP hybrid with (c) 0% mPP and (d) 5% mPP 
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Table I. Material Data 
Material Density 
(g cm* ) 
Melting e 
Trans 
Temperal 
r Glass 
ition 
ture (C) 
Melt Index 
g (10 min) 
Molecular 
Weight 
(S mol"1) 
Te Tm Mw M„ 
LDPE 0.920 -123 ± 4.2 b 62.1,111.7" 2.5 NA NA 
PP 0.900 5.2 ± 1.9" 150,166.7* 12.0 NA NA 
PS 1.040 99.8 ± 4.0 ab NA 8.0 230,292 c 98.733 tt 
mPE 0.908 NA NA NA 8.000 NA 
mPP 0.912 NA NA NA 52.000 27,000 
Pglass 3.750 125.1 ± 1.4 •" NA NA NA NA 
* Determined from DSC 
b Determined from DMA 
c Determined from G PC 
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Table II. Phase inversion calculations from the Jordhamo and Utracki models compared to torque 
(Haake) and viscosity (ARES) ratios for the Pglass-LDPE, Pglass-PS, and Pglass-PP hybrids. 
The viscosity ratio here is the viscosity of the Pglass divided by that of the polymer. 
Jordhamo Model Utracki Model Utracki Model 
(Haake Data * (Haake Data ) (ARES Data ) 
Pglass-LDPE 
Temperature 
(°C) 
Viscosity 
Ratio, k 
<Pl 
(VOl%) 
Viscosity 
Ratio, k 
<Pl 
(vol%) 
Viscosity 
Ratio, ii 
<Pl 
(vol%) 
170 12.50 92.59 12.50 72.60 0.47 42.07 
200 1.28 56.14 1.28 52.66 0.07 26.21 
230 0.75 42.86 0.75 46.89 0.77 47.20 
Pglass-PS 
170 12.35 92.51 12.35 72.52 2.42 59.24 
200 2.70 72.99 2.70 60.34 1.37 53.33 
230 4.17 80.65 4.17 64.37 0.76 47.11 
Pglass-PP 
170 24.39 96.06 24.39 76.14 5.75 67.09 
200 4.35 81.30 4.35 64.75 1.12 51.18 
230 3.85 79.37 3.85 63.66 0.30 37.64 
* Determined at a rotor speed (shear rate) of 30 RPM (—180 s*1) 
Determined at a frequency of 0.1 rad s"' 
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Table III. Fit parameter to modified series model describing the torque-concentration dependence of the 
Pglass-polymer hybrids 
3 
Polymer Matrix LDPE PS PP 
170°C -1.25 -1.25 -1.75 
200°C -0.35 -0.15 -0.75 
230°C 0.25 0.5 0.25 
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Table IV. Effect of 5 vol% compatibilizer on the 77* at to = 0.1 rad s ' for 10% Pglass-LDPE and 10% 
Pglass-PP hybrids 
ti* (Pa-s) t|* (Pa-s) 
mPE (vol%) 0 5 mPP (vol%) 0 5 
170°C 31,674 10J55 170°C 6,590 4,945 
200°C 8,357 9,705 200°C 3,620 2,703 
230°C 3,607 3,547 230°C 2,083 907.6 
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Table V. Mechanical properties from tensile stress measurements on 10% Pglass-LDPE and 10% Pglass 
PP hybrids with different amounts of compatibilizer. 
Pg ass-LDPE 
mPE (voI%) Modulus 
(MPa) 
Tensile Strength 
(MPa) 
Energy to Break 
(J) 
0 62.82 ± 13.38 6.98 ± 1.15 28.36 ± 15.47 
1 77.98 ± 7.17 6.79 ± 1.48 12.44 ±8.19 
2 73.41 ± 7.03 6.53 ± 1.34 14.25 ± 12.15 
5 75.32 ±21.11 6.34 ± 1.37 15.61 ±7.10 
10 118.7 ±59.6 6.63 ±0.71 10.67 ± 6.36 
Pglass-PP 
mPP (vol%) Modulus 
(MPa) 
Tensile Strength 
(MPa) 
Energy to Break 
(J) 
0 850.7 ±97.1 17.58 ± 1.96 0.61 ±0.13 
i 762.1 ±64.6 17.92 ±3.92 0.83 ± 0.39 
2 801.2 ±29.9 15.75 ± 3.21 0.43 ± 0.17 
5 809.6 ± 63.4 16.32 ±4.66 0.55 ± 0.33 
10 799.9 ±49.1 15.28 ± 1.96 0.37 ± 0.09 
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CHAPTER 5. EXPERIMENTAL OBSERVATION AND PREDICTION OF 
VISCOELASTIC EMULSION MODEL BEHAVIOR IN 
PHOSPHATE GLASS-POLYMER HYBRIDS 
A paper to be submitted to the Journal of Rheology 
Peter C. Guschl and Joshua U. Otaigbe 
Abstract 
The interfacial tension of hybrids comprised of a tin-based phosphate glass (Pglass) 
and thermoplastic polymers, low-density polyethylene (LDPE), polystyrene (PS), and 
polypropylene (PP) was investigated using pendant drop and droplet deformation methods. 
Small amplitude oscillatory shear data was fitted to the Choi-Schowalter and Palierne 
emulsion models in order to estimate the interfacial tension as well as validating the accuracy 
of using a polymer emulsion model on the Pglass-polymer systems. Although only some of 
the hybrids showed satisfactory agreement with the emulsion models, wide ranges of 
interfacial tensions were determined, suggesting that a more complicated theory may be 
necessary for more accurate modeling of the special hybrid systems. 
1. Introduction 
Recently there has been great academic and industrial interest on inorganic-organic 
hybrids containing a tin-based phosphate glass (Pglass) of a very low glass-transition 
temperature that is comparable to or lower than the melt temperatures of many conventional 
thermoplastics (1-11). This interest is due to the experimental fact that the organic and 
inorganic components are mixed at the molecular level during melt processing. These special 
hybrid organic-inorganic polymer present exciting opportunities for the rational design of 
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novel multifunctional materials with a unique combination of prescribed structures and 
properties impossible to achieve with classical polymer blends. The research reported to date 
on these special hybrid systems covers the Theological, morphological and mechanical 
properties of these hybrids with LDPE, PS, and PP as the polymer matrices. Other authors 
(10-12) have reported significant research on the processibility and applicability of phosphate 
glass-polymer hybrids based on zinc phosphate glasses that have a higher glass-transition 
temperature (~233-280°C). 
In order to fully understand the utility and behavior of the hybrids, this manuscript 
discusses the important relation between their interfacial and rheological properties. The 
pendant drop method (13-15) was applied to the molten Pglass at various temperatures. The 
following equation (13-15) was utilized in order to find the surface tension. 7. of the pure 
materials: 
y = Ap^dg (io) 
In Equation (10) Ap is the density difference between the molten fluid and the surrounding 
air, g is the gravitational constant. de is the equatorial diameter of the pendant drop, and l/H 
is a shape factor that is tabulated against S in the literature (14) and defined as the ratio of the 
diameter of the drop at an arbitrary plane divided by de. Surface tension values of the 
polymers used here were obtained from the literature (15-18) and used according to Equation 
(11) to calculate the interfacial tension of the hybrids. 
Yn = Y, + Y: - 4 Y?Yz + Y'Y
P2 
.Y? + y\ YÎ + Yz 
(11) 
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In Equation (11) yf and yf are the dispersive and polar components of the surface tension. 
respectively. 
We made additional measurements through droplet deformation analysis, following 
the work of Grace (26). At small Capillary numbers, where the dispersed droplets are nearly 
spherical and creeping flow conditions (small Reynolds number) exist, the viscosity of an 
emulsion of noncolloidal droplets is a function on the viscosity ratio of the components and 
volume fraction of the dispersed phase within a continuous matrix (27). The following linear 
relationship between the deformation, D, and the product ( y rj). which denotes the shear 
gradient across a droplet of radius rj, is valid under low deformation (small Ca and Re) 
conditions 
in which k is the viscosity ratio between the dispersed and continuous phase. 
While experimental determination and theoretical predictions of the interfacial 
tension of many multiphase polymer blends has been studied extensively (19-25). similar 
studies on inorganic-organic glass-polymer hybrids are not available. By knowing this 
property and its dependence upon temperature, information regarding the rheological. 
morphological and mechanical behavior of such systems can be better understood. Emulsion 
models can correlate the viscoelastic behavior to the interfacial properties, when 
incorporating the viscosities and viscosity ratio of the components and size distribution of the 
dispersed phase. Choi and Schowalter reported a constitutive equation [Equations (1) - (6)] 
based on a linear mixing rule that incorporates the sum of the contributions from the 
(12) 
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frequency (^-dependent storage and loss moduli, G ' and G ' the components and the 
interfaces (19). 
G'(to) = (j)Gd ' (to) + (l - (jjfe' (to) + ~ 
f 
1 -
T, X c o x :  
f 
i + ott; 
G'1 (co) = <J)Gd ' ' (©) + (l - <j>)Gc '1 (to) + — 1-^ 
v  T , y  
COT, 
If -> + co*t: 
T, = T, 
T, = Tr 
1 +<() 
1 + <j) 
5(l9k + 16) 
4(k + l)(2k + 3) 
3(19k +16) 
4(k + iX2k + 3) 
T„ = T|erg (l9k + 16X2k + 3) 
yt! 40(k +1) 
k = ~  
1c 
( I )  
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
In these equations <j> represents the volume fraction of the dispersed phase, yn is the 
interfacial tension between phases 1 and 2. rj is the droplet radius, and r)c and rjd denote the 
viscosity of the continuous and dispersed phases, respectively. Here, we used nonlinear least 
squares regression of Equations ( 1 ) - (7) to compare measured small amplitude oscillatory 
viscoelastic functions with calculated dvnamic modulus to find the interfacial tension of each 
Pglass-polymer hybrid (#%/«« = 10% and 30%) at 170. 200. and 230°C. 
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The Palierne emulsion model is one successful model that applies to polymer blends, 
mixtures, etc., in which both the continuous and dispersed phase exhibit significant 
viscoelastic properties as well as interfacial viscoelasticity (22), and it implies that the 
dispersed droplets are monodisperse and nearly spherical. The complex modulus, G*. in a 
similar manner to that of Choi and Schowalter, can be expressed in terms of the continuous 
and dispersed phases, interfacial tension, volume fraction and radius distribution of the 
dispersed phase [Equations (8) - (10)]. 
Using the estimated results for the interfacial tension from the pendant drop analysis, we 
investigated the validity of the Palierne model to our special hybrid systems at various 
temperatures. 
2. Experimental 
2.1 Materials 
The low-density polyethylene (LDPE) grade PE 1023 and polypropylene (PP) were 
obtained from Huntsman Corporation and Dow Chemical Company supplied the polystyrene 
(PS) grade — Styron 666D. The low-7g phosphate glass (Pglass) having a molar composition 
G "  = G ;f1+3*H> 
^1 — 2<|>H j (8) 
(9) 
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of 0.50 SnFi + 0.20 SnO + 0.30 P2O5 was synthesized in our laboratory following the 
procedures reported elsewhere (6). The tin fluoride (SnF2) and 
tin oxide (SnO) were provided by Cerac Incorporated, and the ammonium phosphate 
(NH4H2PO4) was supplied by Fisher Scientific. 
The polymer samples were dried in a vacuum oven (Model 5861 ) at 90°C for at least 
24 hours prior to mixing in order to remove any moisture from the samples. Hybrids of 
polymer and Pglass, of various volume fractions of Pglass were prepared in the desired 
proportions and then mixed (or melt blended) in a Haake Rheomix 600. The samples were 
all mixed at 200°C at a rotor speed of 30 RPM for 15 minutes in order to obtain samples that 
are uniformly dispersed. Compression-molded specimens of the Pglass-LDPE hybrids were 
held at 190°C at 20,000 psi (138,000 kPa), whereas the Pglass-PS and Pglass-PP hybrids 
were subjected to a temperature of205°C at the same pressure. All hybrids were molded for 
20 minutes and subsequently cooled to room temperature. 
2.2 Pendant Drop 
An in-house custom-made pendant drop apparatus was used for the experiments. A 
crucible was heated to the desired temperature and maintained by a temperature controller 
(Watlow series 982). and the solid material was subsequently placed into the heated crucible. 
Once molten the fluid began to flow through a die (approximately 2mm in diameter). A 
digital camcorder (Canon ZR20) placed on a sturdy tripod was used to record the droplet 
evolution from the die. In order to ensure stable, undisturbed droplets, a Plexiglas enclosure 
was assembled around the set-up. 
The real-time video of the droplets was subsequently edited into a series of pictures 
for image analysis. The pictures of the droplets of pure Pglass that have formed at various 
temperatures are shown in Figure 1. The largest horizontal distance of the droplet is depicted 
as the equatorial diameter. de. The ^measurement is found by drawing a vertical line the 
same distance as de starting from the bottom of the droplet. A horizontal line is then draw at 
the point in which the vertical line ends. This horizontal line from edge to edge of the droplet 
is ds. Taking the ratio of S = dslde to find H using the tabulation for H and S functions ( 14) 
and applying the values to Equation (10), we evaluated the surface tension of the Pglass. 
Because of the relatively scantly published data on this particular phosphate glass in the 
molten state, a reasonable estimation of the melt density was made in reference to 
information determined from other authors' research on glasses. Hanlein (28) found for 
various silicates that the density decreases with a slope of -0.00015 when plotted linearly 
with temperature beyond the glass transition. Carre (12) evaluated the melt density of his 
zinc phosphate glass from a room temperature measurement using the thermal expansion 
coefficient. He found that less than a 2% change in density would occur when heated up to 
150°C. Similarly, the value for our Pglass density does not change significantly even up to a 
temperature of 232°C (roughly 0.4%). However, the estimated value (-3750 kg m"J) is more 
accurate to use than the room temperature density. Since this estimated value (—3750 kg m°) 
is far greater than the density of air (~ 1.275 kg m'3. at sea level), the density difference in 
Equation (10) is approximated to that of the Pglass. 
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2.3 Droplet Deformation 
Optical microscopy was utilized in conjunction with an optical shearing system 
(Linkham Cambridge Shearing System CSS 450) in order to analyze the real-time 
morphological evolution in the hybrids. The microscope used was an Olympus BH2-UMA. 
Micrographs of magnification 5X represent pictures 42.3 |im high by 31.7 (am wide. Film 
samples of the hybrids of Pglass-PS and Pglass-PP at 10% Pglass loading of 150 to 300 
microns in thickness were examined at 170, 200, and 230°C. The Pglass-LDPE films were 
too thick in order to view the Pglass droplets clearly under the microscope, due to the high 
viscosity of the LDPE. At 230°C the viscosities of the components were too low to observe 
and measure the droplet deformation within the experimentally accessible shear rate range. 
The measurements were performed by heating the shearing system to the desired 
temperature, placing the film in between the heated quartz plates, equilibrating the sample, 
and then applying the fixed shear rate. Micrographs were taken under quiescent and sheared 
conditions in order to determine the droplet radius without shear. rd, and the distances along 
the long and short axes of the deformed droplet. L and B. respectively. Figure 2 shows 
examples of Pglass droplets within the PS and PP matrices at 170°C. The deformation at 
various shear rates and temperatures was taken and plotted versus the product ( y rj). The 
data was then fitted to a hyperbolic curve of the form: 
Under small shear rates and low deformations, the above equation's slope reduces to the ratio 
of a/b. This slope, according to Equation ( 12). can be used to find the interfacial tension. 
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knowing the viscosity of the continuous phase and viscosity ratios from theological tests on 
the pure materials (2). 
2.4 Dynamic Shear Rheology 
Through use of the Advanced Rheometric Expansion System (ARES. Rheometric 
Scientific), dynamic shear testing was performed on the Pglass-polymer hybrids and their 
constituents between two stainless steel parallel plates. Each experiment was performed 
within a nitrogen atmosphere to eliminate oxidative effects in air. The dynamic tests 
consisted of frequency sweeps within the linear viscoelastic regime for the oscillatory 
deformation mode, as done in our earlier reported experiments (2). Every sample was tested 
at a strain of 0.5% for data trend comparison at 170,200, and 230°C within the frequency 
range of 0.05 to 100 rad s~'. These data were compared to those calculated from the emulsion 
models already discussed. 
3. Results and Discussion 
3.1. Pendant Drop Analysis 
The results of the surface tension as a function of temperature obtained from the 
pendant drop procedure are depicted in Figure 3 along with the standard deviation from the 
experiments. As a comparison, the values of the surface tensions of LDPE. PS. and PP within 
the same temperature range found in literature (15, 16) are included in the plot. We can see 
that the pure Pglass has a very large surface tension compared to that of the polymers, 
ranging from about 2 and 4 times that of the polymers at around 230°C and 190°C. 
respectively. It has been found from published work in the literature that glasses typically 
174 
exhibit surface tensions on the order of 100 mN m"1. Table I shows a comparison of the 
surface tensions of silicate and non-silicate glasses at their liquid (molten) temperatures with 
our tin-based phosphate glass used in this study. The glasses exhibit high surface tensions on 
the air/liquid surface, representing high cohesive forces within the bulk glass material. 
A large drop in surface tension with temperature is observed for our Pglass. We have 
found in numerous studies prior to this one that the viscosity of the Pglass is very 
temperature-dependent (2. 4-6). Although viscosity and surface tension are independent of 
each other, we believe that the large decrease in surface tension is indicative of the high 
fluidity of the Pglass especially at elevated temperatures. From Figure la-d. one can see the 
distinct change in droplet shape as the temperature is increased. The equatorial diameter 
decreases as well as the shape factor I/H. giving rise to smaller surface tension values at high 
temperatures and ultimately better wetting along the air-liquid interface. 
Once the surface tensions at different temperatures were determined. Equation (11) 
was employed in order to find the interfacial tension. As before we used the polar (/) and 
nonpolar (/) surface tensions for the polymers reported in the literature, information 
regarding the surface tension components for the Pglass was not found in the literature or 
through experiment, due to the lack of complete experimentation on this material. Various 
values (assuming small and large values) for the polar component of the surface tension were 
assumed in order to calculate the interfacial tension, are listed in Table II. Results from 
Antonoff s equation ( y i ;  = y, — y, : y, > y, ) are included with the calculations in Table 
II, because Carre suggested that this relationship might be valid for the phosphate 
glass/polymer interface in his study ( 12). It is apparent that these values are quite large in 
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comparison to typical polymer-polymer blend values (-0.1 - 25 mN m"1) (26). This 
discrepancy is ascribed primarily to the very large surface tension contributed by the Pglass. 
3.2. Droplet Deformation 
Figure 4a and 4b represent the deformation versus shear gradient curves together 
with the fits to Equation (13) (solid and dotted lines) at 170 and 200°C for the Pglass-PS and 
Pglass-PP hybrids, respectively. The trend for each hybrid shows a large increase in 
deformation with increasing shear rate imposed on the droplets within the matrix, followed 
by the approach to a steady deformation value. This implies that the droplets will cease 
deforming beyond a critical shear gradient (shear rate), which appears to be roughly 12 ^im s" 
1 or a shear rate of 12 s"' on a 1 |im droplet. Shear rates higher than this value could give rise 
to droplet breakup, as suggested by the apparent drop in deformation of both hybrids at 
200°C (see experimental data in Figures 4a and 4b). 
The resultant fits of Equation (13) to the data at 170 and 200°C give rise to interfacial 
tensions of 112 and 8.44 mN m*1 for the Pglass-PS hybrids and 93.0 and 7.1 mN m*1 for the 
Pglass-PP hybrids. The values of the interfacial tension at 170°C for both systems seem to be 
close to that calculated from the Antonoff equation in Table II but slightly larger than that of 
the values estimated using Equation (11). The interfacial tensions determined at 200°C are 
significantly lower than that of the calculated values. An earlier study on the interfacial 
tension of Pglass in PS was performed by Adaija et. al. using the fiber retraction method 
(29). They found a value at 200°C was found to be 2.33 mN m*1. which is much closer to the 
8.44 mN m"1 determined in this study. Possible errors that may have caused this discrepancy 
arise from the fact that the fits of the droplet deformation data to Equation (13) are poor, due 
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to the difficulty in applying a curve to the scattered data. The R2 values for the Pglass-PS and 
Pglass-hybrids ranged from 0.20 to 0.54, suggesting that the confidence in the accuracy is 
low. 
3.3. Emulsion Models 
3.3.1. Choi and Schowalter 
Figures 5a-5c show the fit of the Choi-Schowalter emulsion model to each Pglass-
polymer hybrid. It is obvious that the measured (lines) and calculated (symbols) complex 
modulus-versus-frequency curves deviate significantly for the Pglass-LDPE hybrids at all 
temperatures. The best fit is apparent at 170°C, whereas the other calculated curves 
overpredict the measured data. The reasons for this discrepancy between experiment and 
theory lie in the fact that the viscosity ratio of the dispersed (Pglass) phase to the continuous 
(LDPE) phase is much less than unity especially at high temperatures. Another plausible 
reason for this deviation can be ascribed to the fact that earlier rheological data showed that 
the Pglass actually decreases the viscosity of the LDPE at a volume fraction of 10% and at 
170 and 200°C (4). The Choi-Schowalter equation calculates the blend modulus based on an 
additive contribution to the linear mixing rule. Figures 5b and 5c show that the fit between 
the measured and calculated data for the 10% Pglass-PS and Pglass-PP hybrids is more 
satisfactory than that of the Pglass-LDPE hybrid. For the Pglass-PS hybrid the calculated 
values slightly underestimate the measured data, showing improvement in fit with increasing 
temperatures. This is due to the decrease in viscosity ratio from 2.5 to 0.88 as the temperature 
is changed from 170 to 230°C. The Choi-Schowalter model is known to be most applicable to 
materials of similar viscosities (k = 1 ). For the Pglass-PP hybrid the fits are not perfect but do 
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reveal reasonable agreement with an underprediction of the calculated data. Again, the 
viscosity ratio drops with temperature from 5.6 to 0.28 for this hybrid. 
Table III shows a comparison of the Choi-Schowalter model estimates of the 
interfacial tension to that of the pendant drop and droplet deformation results. Note that the 
model estimates were found in a manner that minimized the error between the measured and 
calculated values. It can be seen from this table that due to the poor fit of the model to 
experiment for the Pglass-LDPE hybrids, unreasonable values of the interfacial tensions are 
given at very small R2 values. Reasonable values for the Pglass-PS hybrids, the 10% Pglass 
hybrid in particular, were found to exist between 53 and 9.1 within the temperature range 
studied. These calculations are within an order of magnitude of the results found earlier 
through the pendant drop analysis. Finally, the Pglass-PP hybrids show good fits to the model 
but unreasonable interfacial tension values. The value at 200°C is somewhat reasonable, but 
the interfacial tension values at 170 and 230°C are unreasonable. The reason for this 
observation is due to the fact the at very high and very low viscosity ratios, the model 
becomes less sensitive to changes in the interfacial tension parameter. This is because the 
relaxation times, ry and n. become nearly identical [see Equations (4) and (5)]. causing the 
model to reduce to the simple mixing rule equation that is only dependent upon the volume 
fraction of the dispersed phase. 
3.3.2. Palierne 
Figure 6 displays the measured and calculated curves for each hybrid at 10% Pglass 
loading just as for the Choi- Schowalter model in Figure 5. The only exception in this case is 
that the values of the interfacial tension determined from the pendant drop analysis were used 
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in these equations to generate the fits. Again, we see that the Pglass-LDPE hybrid does not 
conform well to this model as obtained for the Choi-Schowalter model. This lack of 
agreement between theory and experiment is attributed to the viscosity ratio (or more 
correctly in this case, ratio of complex moduli). As the viscosity ratio becomes much less 
than unity, then contributions to the blend complex modulus are solely dependent upon the 
complex modulus of the continuous phase, thus affecting the overall fit of the model to the 
experimental data. Similarly, very high viscosity ratios cause the calculation to favor the 
complex modulus of the dispersed phase. Figure 6b shows a decent fit for the Pglass-PS 
hybrid, revealing lower model predictions than the measured quantities at 170 and 200°C and 
an overestimation of the data at 230°C. Finally, we see reasonable model-to-data agreement 
for the Pglass-PP systems. It is important to note, again, as before for the Choi-Schowalter 
equation that the fact that the Pglass-PP hybrids cover a broad range of viscosity ratios within 
the temperature range studied. The fit of the model, as a result, becomes less sensitive to any 
changes in the interfacial tension parameter as the viscosity ratio exceeds unity. 
Hybrids at 30% Pglass content were also evaluated (see Table III), showing again 
poor fit or unreasonable interfacial tension values. The reasons for these discrepancies are 
due to the collapse of correlation to the tacit assumptions inherent in both models, the effect 
of which is exacerbated strictly at high Pglass volume fractions. For example, the emulsion 
models apply to monodispersed. nearly spherical droplets within the dilute to semidilute 
concentration regimes with viscosity ratios near unity. At high Pglass concentrations, the 
semidilute limit and spherical shape assumptions for the dispersed Pglass phase are violated 
in some of the hybrids. We have found in an earlier study (4) that for the hybrids at 30% 
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Pglass the droplets begin to exhibit interesting co-continuous morphology and polydispersed 
Pglass phase domains. 
4. Conclusions 
The interfacial tension of an ultra-low Tg tin-based phosphate glass melt-blended with 
three thermoplastic polymers (LDPE. PS, and PP) was determined through three different 
methods: pendant drop analysis, droplet deformation, and emulsion model calculation. The 
pendant drop method, which estimated the surface tension range of the Pglass within the 
temperature range of 170 - 230°C to be 116 - 65.7 mN m"1. found the interfacial tension 
values to be quite large compared to typical polymer blends. This observation is attributed to 
the large surface tension values found for the Pglass in the melt state. Droplet deformation 
analysis yielded results within an order of magnitude of the pendant drop values. The error 
associated with these findings was due to the inadequate fit of the data to the hyperbolic 
function. The emulsion models of Choi and Schowalter and Palierne showed adequate fits to 
the Pglass-PS and Pglass-PP hybrids at 10% Pglass loading. Disagreement between the 
models and experiment was observed for the Pglass-LDPE hybrids and hybrids of Pglass 
with volume fraction equal to 30%. This discrepancy is believed to be due to deviation from 
the model assumptions, i.e. spherical droplets, dilute to semidilute concentrations, and very 
large or very small viscosity ratios. Reasonable fits suggest to the data suggest that interfacial 
tension and rheology of our special hybrid system can be interpreted with classical emulsion 
models to an extent that depends on the volume fraction of the dispersed phase. The 
experiments point to the need for a theory that explicitly takes the glass-polymer interactions, 
shape factor and size distributions of the dispersed Pglass phase into account. 
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List of Figures 
Figure 1. Pglass droplet evolution in pendant drop apparatus at (a) 199. (b) 207, (c) 218. and 
(d) 232°C 
Figure 2. Pglass droplet deformation at 170°C within a PS matrix at (a) 0.1. and (b) 0.375 s"1 
and within a PP matrix at (c) 0.375, and (d) 0.75 s"1 
Figure 3. Surface tension as a function of temperature of the Pglass and polymer components 
of the hybrid samples 
Figure 4. Droplet deformation versus shear gradient across droplets for (a) Pglass-PS (b) 
Pglass-PP hybrid samples at the temperatures shown. Solid and dotted lines are fits of 
Equation (13) to the experimental data obtained at 170°C and 200°C. respectively 
Figure 5. Choi-Schowalter emulsion model fit to (a) Pglass-LDPE. (b) Pglass-PS. and (c) 
Pglass-PP hybrids at various melt temperatures 
Figure 6. Palierne emulsion model applied to (a) Pglass-LDPE. (b) Pglass-PS. and (c) 
Pglass-PP hybrids at various melt temperatures using interfacial tension values obtained from 
pendant drop measurements 
Table 1. Surface tensions of various glasses found in literature. R denotes group IA mixed alkali metals as designated 
by the authors. 
TfC) y (mN m"') Reference 
Number 
TfC) y (mN m"1) Reference 
Number 
Li silicate 1000-1400 374-311 (30) RzO- RO- PjOS 900-1166 295-180 (31) 
Na silicate 
900-1400 300-273 (30) R20- ZnO- P2O5 440 
196,288, 
306,327 (12) 
K silicate 1000-1400 227-219 (30) Pglass 189 117 This work 
NaiO-PjOrSiOi 1070 283 (30) 199 110 
1200 280 218 90.0 
Na20-Ca0-Si02 1200-1500 150-134 (30) 232 65.7 
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Table II. Interfacial tension calculations based on pendant drop analysis at prescribed 
values of the polar component of the Pglass surface tension discussed in the 
text. Calculations from AntonofFs equation (32) are included for 
comparison. 
y.2 
(mN m ) 
Pglass-LDPE Pglass-PS Pglass-PP 
yp 
(mN m ) 
170C 200C 230C 170C 200C 230C 170C 200C 230C 
0 67.06 64.76 32.59 55.86 55.05 25.27 56.59 57.21 29.05 
0.1 66.68 64.38 32.21 55.88 55.06 25.29 56.36 56.97 28.79 
1 63.87 61.62 29.58 56.01 55.18 25.5 56.21 56.75 28.44 
10 55.45 53.86 23.30 57.39 56.46 27.82 57.49 57.85 30.19 
Yd = 0 125.98 119.55 78.35 142.75 134.5 91.49 142.35 133.5 88.6 
Antonoff" 88.65 85.10 46.69 89.55 86.30 48.29 89.75 87.30 50.59 
* See text 
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Table ni. Interfacial tension results from pendant drop, droplet deformation, and the 
Choi-Schowalter model. The Pglass-LDPE hybrid results were not included 
due to the poor agreement to the model. (R2 values are in parentheses) 
Yi2 (mN m ') 
Pglass-PS 
170C 200C 230C 
Pendant Drop 67.1 64.8 32.6 
Drop Deformation 112(0.43) 8.44 (0.54) -
Choi-Schowalter 
<b 170C 200C 230C 
0.1 52.8 (0.69) 21.6 (0.78) 9.1 (0.96) 
0.3 1370 (0) 622 (0) 114(0.89) 
Pglass-PP 
170C 200C 230C 
Pendant Drop 56.6 57.2 29.1 
Drop Deformation 93.0 (0.19) 7.1 (0.51) -
Choi-Schowalter 
* 170C 200C 230C 
0.1 232 (0.933) 17.1 (0.871) 225 (0.981) 
0.3 296 (0.913) 238 (0.971) 292 (0.70) 
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GuschI, et. al., Figure 5 
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CHAPTER 6. GENERAL CONCLUSIONS 
This thesis focuses on the development of hybrid materials comprised of an ultra low-
Tg phosphate glass (Pglass) and the thermoplastic polymers low-density polyethylene 
(LDPE), polystyrene (PS), and polypropylene (PP). The advantages of these unique mixtures 
of inorganic and organic phases are that they can allow a higher degree of tailorability than 
their counterparts that consist of solid glass beads, flakes and fibers suspended within a 
polymer matrix. The Pglass-polymer hybrids through conventional polymer processing 
techniques can give rise to anisotropic materials that can achieve a larger degree of 
reinforcement of the continuous phase through deformation of the dispersed phase versus 
random alignment in the flow direction typically seen in fiber-reinforced composites. Also, 
control of the morphology of the tailored product is maintained allowing one to make 
emulsions comprised of a fine dispersion of Pglass of intimately mixed inorganic-organic 
materials. 
Many factors influence the degree of dispersion and ultimately the morphology of the 
Pglass in the polymer matrices, and the Pglass affects the properties of the polymer as well. 
Thermal analysis, optical microscopy, and SEM of the pure components and of various 
binary blends of the three hybrid components suggest that essentially all of the materials are 
immiscible with each other. However, some evidence of preferential Pglass dispersion in PS 
may suggest a possible partial miscibilitv between the phases at particular concentrations of 
Pglass. 
From dynamic and steady shear rheologv analyses on the Pglass-polymer binary and 
ternary hybrids, an obvious Pglass volume fraction dependence on the viscosity and dynamic 
moduli was identified. Strong shear-thinning behavior is observed for the hybrids of high 
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Pglass loading (pglass > 20 (vol)%) due to the non-Newtonian nature of the polymers and the 
deformability of the Pglass phase within the matrix. Temperature dependence of the highly 
loaded Pglass hybrids revealed a sharp 7-dependence in the complex viscosity at high 
temperatures (T > 240°C). Thermal stability tests showed evidence of shear-induced 
crystallization of the Pglass at temperatures greater than or equal to 230°C within the 
polymer matrix, manifested by an abrupt complex viscosity growth with time. Steady shear 
behavior of the hybrids was analyzed and exhibited possible "four-region" behavior at #>=iass 
< 30 (vol)%. This behavior just mentioned is ascribed to the unique combination and 
interaction of the inorganic-organic hybrid materials under shear flow. Transient shear 
rheology evinced stress overshoots (initial deformation of the Pglass droplets) for the Pglass-
polymer hybrids followed by small undershoots and oscillatory behavior, due to competition 
between the shear-induced crystallization and orientation of the dispersed Pglass phase. 
Micrographs obtained via SEM reveal preferential dispersion of the Pglass-phase within the 
PS-phase and surrounding the LDPE-phase, and they confirm the phase inversion 
observations revealed by the rheological experiments. 
In addition to the effect that the Pglass has on the rheological properties of the 
polymers, it changed the crystalline behavior of the semicrystalline polymers LDPE and PP. 
Nonisothermal crystallization studies reveal that the solid Pglass phase induces the formation 
of a narrow distribution of larger crystallites for the Pglass-LDPE hybrids and a narrow 
distribution of small crystallites in the Pglass-PP hybrids. The Pglass acted as a nucleation 
agent, initiating faster crystallization and increasing the crystallization rate at increased 
volume fractions. The Avrami index, n. did not appear to change significantly for the Pglass-
LDPE hybrids, but a rise in value was observed with the Pglass-PP hybrids. This rise in the 
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Avrami index is attributed to a change in growth geometry from two-directional to three-
dimensional spherulites, confirmed by optical microscopy and differential scanning 
calorimetry experiments. The equilibrium melting temperature was observed to remain 
relatively constant at low Pglass content (0 - 30% Pglass) for both hybrids, suggesting 
immiscibility between the Pglass and polymer phases at these compositions and 
temperatures. An abrupt rise in equilibrium melting temperature at 40% Pglass for the 
Pglass-LDPE hybrid may signify a miscibility region. Mechanical tensile tests showed a rise 
in tensile (Young's) modulus with increasing Pglass volume concentration for both the 
Pglass-polymer systems with a more pronounced increase for the Pglass-LDPE system. 
Reductions in the energy to break were observed for both hybrid systems specifically at high 
Pglass concentrations. The tensile strength behaved differently for both systems, manifesting 
no change in value for Pglass-LDPE hybrids and a significant drop for the Pglass-PP hybrids. 
SEM micrographs qualitatively suggest that the adhesion between the Pglass and PP is 
inadequate, confirming the large decreases in energy to break and tensile strength in 
comparison to the Pglass-LDPE hybrids. 
The phase inversion point was determined through dynamic shear rheology and 
morphology data of each Pglass-polymer hybrid. Models from Jordhamo and Utracki were 
useful in estimating the inversion, but ultimately appeared to overpredict the value due to the 
use of viscosity and torque ratios obtained at high shear rates. The experimental results 
suggested that the Pglass-LDPE. Pglass-PS and Pglass-PP hybrids have phase inversion 
concentrations that exist within the ranges of 45% < <pt < 53%. 40% <<pi < 53%. and 45% < 
<pi< 51%, respectively. Each method used to investigate the phase behavior revealed that the 
Pglass and polymers retain a phase-separated morphology at all temperatures and Pglass 
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concentrations less than 50%. The minimum torque data revealed negative deviations from 
linear additivity for all hybrids at 170 and 200°C, whereas a switch to positive deviation was 
noticed at 230°C. This deviation, characterized by the /? parameter of the modified series 
model, appeared to decrease with increasing temperature, and changing sign after 200°C. A 
P value of zero, which may denote miscibility or at least homogeneity of the Pglass 
dispersion throughout the polymer matrices (linear additivity), is expected to exist within the 
temperature range of200 to 230°C for each system. 
Continuity plots of each polymer in the presence of the Pglass were constructed 
through dissolution of the polymer phase with an appropriate solvent. These plots along with 
SEM micrographs were used to elucidate the evolution of phases as the Pglass concentration 
increased within the systems. The information obtained was found to be consistent with the 
phase inversion data. 
DMA experiments gave rise to storage and loss modulus versus temperature curves 
with only one Tg for all Pglass-hybrids below Pglass volume fractions of 50%. depicting 
similar characteristics of polymeric systems in the presence of inorganic filler. Once the 
phase inversion point was reached, the peak broadened considerably due to a hindrance of 
molecular relaxation (chain mobility) within the co-continuous morphology and. for the 
Pglass-LDPE and Pglass-PP hybrids, two peaks were apparent. These T. peaks were shifted 
slightly, suggesting a possible partial miscibility or intimate molecular mixing between the 
phases within this concentration range. 
Small-angle neutron scattering (SANS) experiments were performed on some of the 
Pglass-PS and Pglass-PP samples in order to glean further knowledge of the phase behavior. 
The information obtained from these experiments provided additional evidence that these 
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hybrids are two-phased systems consisting of smooth, domains larger than 0.1 microns 
embedded within the polymer matrices. Also, due to the processing conditions used to 
produce the samples for the SANS analysis, the samples showed anisotropic microstructural 
evolution of the domains along the perpendicular to the flow direction. 
Attempts to produce compatibilized inorganic-organic systems were made by adding 
maleated PE and PP to the Pglass-LDPE and Pglass-PP hybrids. Complex viscosity was 
found to change due to the presence of 5%(vol) mPE and mPP in both systems. Each hybrid 
approached linear additivity at each temperature. Tensile modulus improved for the 
compatibilized Pglass-LDPE hybrids with increasing mPE content, but the mPP did not 
appear to improve that of the Pglass-PP hybrids. Further, the tensile strength did not appear 
to change for either case, and the energy to break continued to decrease. The DMA 
experiments showed results that were consistent with those from the tensile tests. S EM 
micrographs revealed smaller, finer distributions of particles, when compared to the 
noncompatibilized hybrids, due to the presence of the compatibilizer at 10% Pglass loading 
from 1.94 to 1.29 microns and 20.9 to 3.38 microns for the Pglass-LDPE and Pglass-PP 
hybrids, respectively. 
Finally, in order to fully characterize the immiscible phase behavior of these Pglass-
polymer hybrids, the interfacial tension was determined using three different methods: 
pendant drop analysis, droplet deformation, and emulsion model calculation. The pendant 
drop method, which estimated the surface tension (116 - 65.7 mN m"1) of the Pglass within 
the temperature range of 170 - 230UC. found the interfacial tension values to be quite large 
compared to typical polymer blends. Droplet deformation analysis yielded results within an 
order of magnitude with the pendant drop values. The emulsion models of Choi and 
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Schowalter and Palieme showed adequate fits to the Pglass-PS and Pglass-PP hybrids at 10% 
Pglass loading. Disagreement between experimental data and the model equations was 
observed for the Pglass-LDPE hybrids and hybrids of Pglass volume fraction equal to 30%. 
due to deviation from the assumptions of the models. Close fits between experiment and the 
model equations suggest that our hybrid system can be applied to typical polymer blend 
equations. 
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CHAPTER 7. FUTURE RESEARCH CONSIDERATIONS 
In lieu of the utility of producing uniquely tailored Pglass-polymer hybrids through 
extrusion, injection molding, compression molding, etc., information regarding the extraction 
of the Pglass phase after processing is limited. Interesting porous polymer membranes (e.g. 
sheets, tubes, etc.) can potentially be manufactured once an efficient solvent is discovered for 
the Pglass phase. These membranes would be very useful for separation techniques in the 
chemical and pharmaceutical industries. Similarly, Pglass-rich hybrids could be fabricated, 
while selectively removing the polymer phase, yielding porous Pglass structures. 
Our research has only touched upon the uniqueness of few polymer types for melt 
blending with the Pglass. Depending on the desired application specific polymers can be 
considered. Typically, thermoplastic polymers have been used for research purposes solely 
for the reason that the Pglass itself behaves thermoplastically, in other words it can be heated 
and cooled repeatedly. Interesting thermosetting polymers could be considered for a new 
breed of Pglass-polymer hybrid for new high temperature uses. 
One major consideration that has been given insignificant attention is the molecular 
weight of the polymer phase in these hybrids. Since evidence suggests that the Pglass and 
polymer phase are mixing intimately giving rise to some molecular interactions. 
incorporating polymers of various molecular weights in the Pglass-polymer hybrid could 
result in hybrid systems with a higher degree of mixing. This could lead to Pglass dispersions 
within the polymer matrix on the nanometer scale, allowing production of stronger hybrids 
than imagined. Further, since the Pglass itself is comprised of small dimmer, trimer, even 
tetramer phosphate chains, perhaps additional research in the glass chemistry might create 
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Pglass chains of even higher molecular weight, bridging the gap between glass science and 
polymer science. 
The development of miscible Pglass-polymer systems is possible through 
compatibilization of the components. We have shown that maleated graft copolymers work 
fairly effectively as a miscible agent for both the Pglass and polymer phases. Additional 
investigations in particular maleated polymers (i.e. maleated graft copolymers of varying 
percentages of maleation) or polymers consisting of different functional groups may result in 
partially miscible or totally miscible hybrids, due to the affinity of the carboxylic groups of 
the maleic anhydride functional groups with the hydroxyls of the glass. Thermal analysis 
techniques, including dynamic mechanical testing and differential scanning calorimetry. and 
small angle X-ray scattering can probe the miscibility behavior of these specific hybrids. 
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